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ABSTRACT The design and implementation of printed helical spiral antenna (PHSA) and helical printed
inverted-F antenna (IFA) are presented for unmanned aerial vehicle (UAV) with global positioning system
(GPS) L1 band (1.57 GHz) and telemetry communication frequency band (2.33 GHz) applications. The
proposed antenna is miniaturized by co-winding the radiation elements on the same ceramic rod, surface
covering by dielectric sealant, inserting a high permittivity dielectric load into the helical structure, turning
and meandering the radiation element of PHSA into a spiral parallelogram structure. The PHSA and helical
IFA antenna radiation elements are manufactured by silver pasted on the same hollow ceramic cylinder with a
diameter of 12 mm and a height of 24.7 mm. The experimental and simulation results show that the proposed
PHSA and IFA can achieve the gain of 0.05dB and 1.97 dB respectively and be suitable for GPS L1 band
and telemetry communication frequency band (2.33 GHz) applications separately.

INDEX TERMS Circular polarization, GPS antenna, helical inverted-F antenna, printed spiral helical
antenna, unmanned aerial vehicle.

I. INTRODUCTION
With the development of Unmanned Aerial Vehicle (UAV)
technology, the requirement of airborne communication
equipment is further improved. The antennas of UAVs are
usually extremely important components for global position-
ing navigation and telemetry communication applications.
During the operation of UAVs, the position information of
the UAV can be obtained by GPS positioning, and the control
signal can be obtained by telemetry communication. The
two functions of UAV communication equipment are pro-
vided by two antennas respectively, but miniaturized UAVs
are usually affected by aerodynamics, structural mechanics,
electromagnetic compatibility and other factors, which can-
not provide separate installation space for the two antennas.
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Moreover, due to the influence of the structure of such air-
craft, the antenna position and volume requirements are also
relatively high. Therefore, the combination of two antennas
in one antenna module is a very possible candidate solution
to this requirement.

GPS antenna is a key component for UAVs to receive
signals from GPS orbiting satellites. Due to the insensitivity
to the rotation of ionospheric polarization, the GPS antenna
is required to have right circular polarization (CP) and a
uniform mode covering the entire upper hemisphere. In pre-
vious studies on GPS antennas, quadrifilar helical antennas
(QHA) are well studied [1]–[5], which usually have good CP
performance. Improved fromQHA, a printed quadrifilar heli-
cal antenna (PQHA) was developed with four radiation ele-
ments printed on flexible dielectric substrate [6]–[9]. To meet
the requirement of antenna miniaturization, a folded printed
quadrifilar helical antenna (FPQHA) is developed with the
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advantages of good CP performance, light weight and good
axial ratio [10]–[15].

Telemetry communication antenna is the key component
of transmitting and receiving ground control signal for UAV.
Telemetry communication band is usually allocated in S
band. In many previous researches, some telemetry antennas
with excellent performance are proposed, such as telemetry
loaded bifilar helical antenna [16], flush-mounted telemetry
antenna [17], compact S-band antenna [18] and hybrid TM
antenna [19]. Inverted-F antenna (IFA) [20]–[24] is also a
very possible candidate for this application. In general, the
radiation elements of IFA and the ground plane are fabricated
on traditional printed circuit board (PCB) with planar struc-
ture [25] [26]. To meet the design requirements, the planar
IFA radiation elements can be made perpendicular to the
ground [27]. These planar IFA design methods described
above indicated that three main structural parameters which
can determine the antenna’s input impedance, resonance fre-
quency, impedance bandwidth and other performance. The
three main structural parameters of the planar IFA are the res-
onant length L, the heightH and the space distance S between
the two vertical arms. By adjusting the three structural param-
eters, planar IFA can be easily designed and optimized.

Although the structure of FPQHA and planar IFA is
already very small, the applications on UAV still puts forward
higher requirements on miniaturization of antenna system.
Recently, several methods of antenna miniaturization are
developed, including inserting dielectric loading [28], folding
the helix antenna arms [29] [30], applying different helix turn
angles [31], using stepped-width arms [32], using impedance
matching network[33] and power divider networks [34].

In this paper, a design of combined printed helical spi-
ral antenna and helical inverted-F antenna is presented for
unmanned aerial vehicle application. Improving the dual-arm
spiral GPS antenna [35], the original GPS antenna is retained
by one radiation element left and the telemetry communica-
tion function is added. PHSA fits GPS L1 (1.575 GHz) band,
and helical IFA fits telemetry communication frequency band
(S band) separately. The structural parameters are optimized
to obtain dual frequency band and right-hand CP perfor-
mance, and the influence of IFA arm length, space between
the two radiation elements and loading ceramic cylinder
thickness on resonant frequency of the proposed antenna was
simulated and compared. Meanwhile, an optimized design
is fabricated and measured, and the experimental results are
well compared with simulation to verify the design. The
proposed antenna can be used in UAV to build wireless senor
network in oil field. Due to the high flying of UAV, it can
collect the information of wireless sensor network nodes in a
long distance.

II. ANTENNA DESIGN
A. ANTENNA CONFIGURATION
The proposed PHSA and helical IFA mounting on a type
of UAV is shown in Fig. 1(a), where the proposed PHSA
and helical IFA radiation elements are printed on the Al2O3

FIGURE 1. Geometry of the proposed PHSA and helical IFA. (a) Front view,
(b) left view, (c) right view, and (d) vertical view of the proposed PHSA
and helical IFA radiation elements printed on the Al2O3 ceramic rod.
(e) The proposed PHSA and helical IFA mounting on UAV.

ceramic rod as shown in Fig. 2(b). In order to guarantee the
strength of the overall structure, the ceramic rod is screwed on
the aluminum base of canards by metal bolt and the proposed
antenna surface covered with sealant, therefore it can handle
the acceleration overload during flight. At the same time,
the radome’s structure is streamlined in order to reduce air
resistance, and sealant can guarantee the high-grade sealing
and heat conduction. The coaxial cables of 50 ohm are used
for feeding, one end of the inner conductor is welded on the
end of feeding line of the proposed PHSA and the helical IFA
separately, and the outer conductors are welded on the small
rectangular plate extending from ground. The other end of the
feed coaxial cables with IPEX III connectors are connected to
the circuit PCB down the base of canards through the through-
holes on the lower part of the aluminum base.

The proposed PHSA and helical IFA radiation elements are
printed on the Al2O3 ceramic rod with a radius of r1 = 6 mm,
a coaxial M4 screw hole of r2 = 2 mm and a height of
h1 = 24.7mm. The ceramic rod working as substrate is made
of material with high relative permittivity and low dissipation
factor. According to previous studies, substrate made of high
relative permittivity material can effectively reduce the reso-
nant frequency of the antenna. The ceramic rod in this study
is with relative permittivity of εr = 9.8 and dissipation factor
of loss tan δ = 0.0001 at 10 GHz. The relative permittivity of
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FIGURE 2. Layout of the proposed unwrapped PHSA and helical IFA.

the sealant covered the proposed antenna is εr = 4.1, and the
material of the radome is BNwith relative permittivity εr = 4.
The bottom of the ceramic rod is printed with silver, and
the contact surface of the aluminum base has good electrical
conductivity without surface oxidation, which can be used as
the ground for the antenna.

Fig. 2 shows the layout of the proposed unwrapped PHSA
and helical IFA. The radiation element on the left is PHSA,
which is applied to the GPS frequency band. The radiation
element on the right is the helical IFA, which is used for
the telemetry communication frequency band (2.33 GHz).
The unwrapped PHSA radiation elements consists of a feed-
ing line, a grounding line, and a radiation line with turning
and meandering helix arm into the form of an end-to-end
8 silver microstrips parallelogram spiral with length form
K2 to K9.
In order to optimize the manufacturing process, the tradi-

tional PQHA feed direction is improved, and the vertical feed
is changed to the parallel feed, and a rectangular grounding
plate with length S1 and width S2 is added. The feeding
line with length Lf is connected at the end of the radiation
element, and has a gapM4 with a rectangular grounding plate
which is connected to the ground at the bottom of the rod.
The grounding line with length Lg is connected with the first
radiation part and the ground at the bottom of the rod, and it is
used to improve the characteristic impedance of the proposed
PHSA. The IPEX III coaxial cable with 50 Ohm impedance
is used for feeding, then the inner conductor is welded on the
extended part of feeding line with length Lf, and the outer
conductor is welded on the rectangular grounding plate. The
rectangular grounding plate is very close to the proposed
PHSA and the proposed helical IFA with gaps of M2 and
M3 separately. The main radiation part with length L2 of
the proposed helical IFA has the same pitch angle α as the
proposed PHSA. The ground line of the proposed helical IFA
with length L1 is vertically connected the main radiation part
with the ground at the bottom of the rod. The feed line with
length L3 is paralleled to the ground line with distance of Ls.
The inner conductor of IPEX III coaxial cable is welded on
the extended part of feeding line with length L3, and the outer
conductor is welded on the rectangular grounding plate. The
feeding lines for the proposed PHSA and the proposed helical

TABLE 1. Geometrical parameters of proposed PHSA and helical IFA.

IFA can pass through the hole of the aluminum base and
connect with the RF circuits.

B. ANTENNA PARAMETERS
The geometrical parameters of the proposed PHSA and heli-
cal IFA can be optimized by electromagnetic simulation tool
high frequency structure simulation software (HFSS) [36] as
shown in Table 1.

C. THEORY ANALYSIS
The following relations [11] can calculate the arm length (La)
of the proposed PHSA:

La =
c (2n+ 1)
4f
√
εreff

(1)

where c is light speed in free space, n is nature number cor-
responding to the number of harmonics resonate frequency, f
is the operating frequency and εreff is the equivalent effective
relative dielectric permittivity of the dielectric substrate.

For the proposed helical IFA, the initial antenna structure
parameters can be obtained from the empirical formula [21]:

L2 − Ls + L1 ≈
c

4f
√
(1+ εreff) /2

(2)

where L2 − Ls + L1 is the resonant length of antenna.

D. ANTENNA DESIGN PROCEDURE
The arm length (La) of proposed PHSA can be calculated by
Equ. 1, where f is the operating frequency at GPS L1 band
(1.575 GHz), εreff is the equivalent effective relative dielectric
permittivity of the dielectric substrate.
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TABLE 2. The arm length (La) for GPS L1 band.

The equivalent effective relative permittivity εreff of the
ceramic rod is determined from [36]

εreff =

[
1−

(
r2
r1

)2
]
εr +

(
r2
r1

)2

(3)

where relative permittivity εr = 9.8 for Al2O3 ceramic rod,
radius r1 = 6 mm, coaxial M4 screw hole r2 = 2 mm. Then
the equivalent effective relative permittivity εreff is 8.82.

Calculated by Equ. 1, Table 2 shows the possible arm
length (La) of the proposed PHSA. The arm length La =
208.4 mm is considered to turn into parallelogram spiral with
end-to-end 9 silver strips. The radiation part of PHSA need
to turn the arm into the form of a parallelogram spiral and
wrap around the cylinder, therefore, the arm length is the total
length of the end-to-end 9 silver strips, minus the length of the
8 corners generated by the bending process, i.e

La = M2 + Lf + K2 + K3 + K4

+K5 + K6 + K7 + K8 + K9 − 6W3 − 2W7 (4)

The arm length in Fig. 1 and Table 1 simulated by HFSS
is 204.8 mm which is a little bit shorter than calculated
208.4 mm, because the antenna is covered by sealant and
radome.

The arm length (L2–Ls + L1) of proposed IFA can be
calculated by Equ. 2, where f is the operating frequency at
telemetry communication frequency band (2.33 GHz), εreff is
the equivalent effective relative dielectric permittivity of the
dielectric substrate calculated by equ. 3. The calculated arm
length L2– Ls + L1 ≈ 14.5 mm is considered in simulation.
Simulated by HFSS, we can obtain L2 = 17.3 mm, Ls =
3.4 mm, and L1 = 1.8 mm for this application, L2–Ls+L1 =
15.7 mm which is a little bit longer than 14.5, because the
proposed IFA is spirally wound on the ceramic rod compared
with traditional planar IFA.

The proposed PHSA and helical IFA are designed and
simulated by HFSS, and the optimized parameters can be
achieved as shown in Fig.7 according to the antenna param-
eters in Table 1. Deduced from Euq. 1, all the resonance
frequency of the proposed FHSA with arm length (La) is

fn =
c
√
εreff

(2n+ 1)
4La

(5)

Similarly, all the resonance frequency of the proposed helical
IFA can be deduced from Euq. 2.

fn ≈
nc

(L2 − Ls + L1)
√
(1+ εreff) /2

(6)

FIGURE 3. Simulated reflection coefficient versus frequency for the space
between the two radiation elements (various values of S1). (a) The
proposed PHSA. (b) The proposed helical IFA.

The proposed PHSA has multiple resonant frequency bands,
for GPS L1 band f1 = 1.575 GHz, the reflection coefficient
S11 = −23.7 dB as shown in Fig. 7(a). The proposed helical
IFA has two resosnant frequency bands within the range of
1-3GHz, in which the resonant frequency f2 = 2.33 GHz and
the reflection coefficient S22 = −35.9 dB, which can meet
the requirements of the telemetry frequency band as shown
in Fig. 7(b).

III. PARAMETER STUDY
In this study, the proposed PHSA and helical IFA is optimized
by considering the effect of the spacing ‘‘S1’’ between the two
radiation elements, the arm length ‘‘L2’’of the proposed IFA
and the inner hole radius ‘‘r2’’ of the ceramic rod while the
other parameters remain unchanged as in Table 1.

A. EFFECT OF THE SPACE BETWEEN THE TWO
RADIATION ELEMENTS
The variation of ‘‘S1’’, the space between the two radiation
elements, is considered to study the effect on the proposed
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FIGURE 4. Simulated reflection coefficient versus frequency for the arm
length of the proposed IFA (various values of L2). (a) The proposed PHSA.
(b) The proposed helical IFA.

PHSA and helical IFA. In Fig. 3, the reflection coefficients
versus frequency are presented for different values of S1(S1 =
3.5, 5, 6.5, and 8 mm). With the increase of S1, the resonant
frequency slightly decreases for both the proposed PHSA and
helical IFA within the frequency range of 1 GHz to 3 GHz as
shown in Fig. 3(a) and Fig. 3(b).

B. EFFECT OF THE PROPOSED IFA ARM LENGTH
Considering the variation of ‘‘L2’’, the arm length of the
proposed helical IFA, the influence on the resonate frequency
is studied for the proposed helical IFA and the proposed
PHSA. In Fig. 4, the reflection coefficients versus frequency
are presented for different values of L2 (L2 = 13, 15, 17, and
19 mm) respectively, while the other structural parameters
are fixed as table 1. The change of L2 has little effect on
the resonant frequency in the 1-3 GHz range of the pro-
posed PHSA, but has significant effects on the resonance
frequency of the proposed helical IFA. Therefore, in the case

FIGURE 5. Simulated reflection coefficient versus frequency for the
thickness of the ceramic cylinder (various values of r2). (a) The proposed
PHSA. (b) The proposed helical IFA.

of antenna parameter optimization, the proposed helical IFA
performance can be adjusted without affecting the proposed
PHSA.

C. EFFECT OF THE CERAMIC ROD INNER HOLE
The variation of ‘‘r2’’ (r2 = 4, 3, 2, and 1 mm) is simulated to
consider the effect of the inner hole radius of the ceramic rod.
The reflection coefficient versus frequency associated with
different r2 is shown in Fig. 5. As the value of r2 decreases,
the thickness of the substrate increases and the resonant
frequency of the proposed PHSA and helical IFA decreases.
Therefore, it is very important to select appropriate ceramic
coaxial hole radius ‘‘r2’’, so that both the proposed PHSA
and helical IFA can achieve an ideal reflection coefficient in
the corresponding resonance frequency. When r2 = 2 mm,
the reflection coefficient of the PHSA at GPS L1 (1.575 GHz)
band reaches themaximum bandwidth.When r2 = 3mm, the
reflection coefficient of the helical IFA at 2.33GHz reaches
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FIGURE 6. Photo of the proposed PHSA and helical IFA. (a) The proposed
PHSA and helical IFA printed on ceramic rod. (b) The proposed PHSA and
helical IFA mounting on UAV covered by sealant and coated by radome.
(C) X-ray photographs of the proposed PHSA and helical IFA mounting on
UAV.

themaximum bandwidth. Considering the performance of the
two radiation elements, r2 = 2 mm is selected to achieve
better performance of the antenna system.

IV. EXPERIMENTAL RESULTS
The proposed PHSA and helical IFA has been not only man-
ufactured by printing silver on ceramic rod, but also mounted
on a typical UAV covered by sealant and coated by radome,
as shown in Fig. 6(a) and Fig. 6(b) separately.

The reflection coefficient versus frequency of the pro-
posed PHSA and helical IFA mounting on UAV covered by
sealant and coated by radome is measured by the Keysight
N5245A (Calibrated by N4691-40004) PNA network ana-
lyzer separately. The measured and simulated reflection coef-
ficient versus frequency of the proposed PHSA and helical
IFA mounting on unmanned platform is shown in Fig. 7.
We can notice that the reflection coefficient versus frequency
curves measured by the network analyzer and simulated by
HFSS agree well with each other. The bandwidth is about
20 MHz (1.565-1.585 GHz) for GPS L1 band and 14 MHz
(2.322-2.336 GHz) for telemetry communication frequency
band.

There are different requirements for antenna radiation pat-
tern when mounting on different type of UAV. In this case,
the GPS antenna and telemetry communication antenna must
be merged into one unit and the antenna structure must
be compact enough to put inside the radome. Moreover,
the metal structure of UAV is very close to the antenna, the

FIGURE 7. Comparison of measured and simulated reflection coefficient
versus frequency of the proposed PHSA and helical IFA. (a) Reflection
coefficient of the proposed PHSA. (b) Reflection coefficient of the
proposed helical IFA.

antenna design and antenna distribution on UAV must be
carried out through the cooperative simulation of UAV and
GPS antenna together.

The radiation pattern measurement setup of the proposed
PHSA and helical IFA mounting on UAV at anechoic cham-
ber is shown in Fig. 8. As shown in Fig. 9 and Fig. 10,
the measured gain values anastomose well with simulation
in radiation pattern. It can be concluded from the radiation
pattern that in GPS L1 (1.575 GHz) band, the PHSA has
nearly spherical shape radiation patterns with circular polar-
ization in the xoy-plane, xoz-plane and yoz-plane. The nearly
omnidirectional radiation pattern can be noticed with good
cross-polar performance. The maximum radiation direction
is about θ = 90◦, ϕ = 310◦, and the gain is about
0.05 dB. In Fig. 9, the measured radiation patterns compared
to the simulated ones are shown for telemetry communi-
cation frequency band. Fig. 9 (b) and (c) shown the heli-
cal IFA has quite omnidirectional radiation patterns in the
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FIGURE 8. Measurement setup of radiation pattern at anechoic chamber.

FIGURE 9. Comparison of measured and simulated radiation patterns of
the proposed PHSA and helical IFA at GPS L1 (1.575 GHz) band.
(a) xoy-plane; (b) xoz-plane; (c) yoz-plane.

xoz-plane and yoz-plane. The maximum radiation direction
is θ = 60◦ and ϕ = 270 ◦, and the gain is about 1.97 dB.
It can be considered that the proposed PHSA and helical IFA
can receive GPS and telemetry communication signals very
well, though UAV platform is in any position of the moving
trail.

The measured axial ratio (AR) of the proposed PHSA
and helical IFA at GPS L1 (1.575 GHz) band and telemetry
communication frequency band (2.33 GHz) respectively is
shown in Fig. 11 at xoz-plane (Phi= 0◦), at yoz-plane (Phi=
90◦) and at xoy-plane (Theta= 90◦). We can notice that most
of the axial ratio is less than 3 dB.

Some referenced PQHAs are shown in Table 3, and the
performance comparison is considered with the proposed
PHSA and helical IFA. Based on co-winding the radiation
elements on the same ceramic rod, covering the radiation

FIGURE 10. Comparison of measured and simulated radiation patterns of
the proposed PHSA and helical IFA at telemetry communication frequency
band (2.33 GHz). (a) xoy-plane; (b) xoz-plane; (c) yoz-plane.

TABLE 3. Performance comparisons among the reported antenna.

elements by dielectric sealant, inserting dielectric loading
inside the helix, the proposed antenna for UAV application
has smaller size (φ12 mm× 24.7 mm), dual frequency band,
low weight (11 g) and very good structural strength. Most
of PQHAs are fabricated by flexible dielectric substrate such
as polyimide film, foam, Rogers RT/duroid or liquid crystal
polymer (LCP) film, etc. The flexible substrate with lower
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FIGURE 11. Measured axial ratio of the proposed PHSA and helical IFA at
GPS L1 (1.575 GHz) band and telemetry communication frequency band
(2.33 GHz) respectively. (a) at xoz-plane (Phi = 0◦); (b) at yoz-plane (Phi =
90◦); (c) at xoy-plane (Theta = 90◦).

relative permittivity, which limited the antenna application by
larger size and lower structure strength.

V. CONCLUSION
In this paper, a printed helical spiral antenna and helical
inverted-F antenna working in GPS L1 band(1.57 GHz) and
telemetry communication S band (2.33 GHz) are designed
and fabricated for the application of UAV. The structure of
the proposed PHSA and helical IFA is miniaturized by co-
winding the radiation elements on the same ceramic rod, sur-
face covering by dielectric sealant, turning and meandering
the radiation elements into spirals. The proposed PHSA and
helical IFA is fabricated by printing silver strips on a ceramic
hollow rod substrate with a height of 24.7 mm and a diameter
of 12 mm. The proposed antenna can achieve the bandwidth
of is about 20 MHz and 14 MHz (2.322-2.336 GHz) (1.565-
1.585 GHz) the gain of 0.05dB and 1.97 dB for GPS L1 band
and for telemetry communication frequency band respec-
tively. The measured and simulated results of reflection coef-
ficient and radiation patterns fit very well, which validates
the design methods and suggests that PHSA and helical IFA
is suitable for UAV applications.
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