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Abstract

A novel low-profile two-arm backfire tapered cone helical antenna for telemetry tracking and
command (TT&C) is introduced theoretically and experimentally in this paper. Compared
with the conventional helical antenna, this design has a substantial decrease in its height
and an increase both in its half power beamwidth (HPBW) and 3-dB axial ratio beamwidth
by replacing the uniform structure with two tapered cone structures. It provides a maximum
gain of 5.1 dBi, an excellent circular polarization radiation over a wide angular range of more
than 124°, a 3-dB axial ratio bandwidth of 18.8%, a wide HPBW of more than 125°, and nearly
equal E- and H- plane far-field patterns with high degree of axial symmetry over S-band (2–
2.3 GHz). These excellent radiation characteristics with an endurable and compact structure
make it an attractive candidate for TT&C application in microsatellite system, where the
installation envelope and space for antenna are extremely limited.

Introduction

Telemetry tracking and command (TT&C) are two indispensable functions in a satellite system,
which provide telemetry data downlink as well as command uplink to track and control the sat-
ellite. TT&C antenna usually lies in the S-band (2–2.3 GHz) and requires an omnidirectional
coverage in the space, which means the radiation pattern of the TT&C antenna is ideally iso-
tropic with circular polarization. In addition, due to the space resources of microsatellite system
are extremely limited, which has brought a great challenge for space-borne antennas, especially
in circular polarization radiation, low-profile, broad-beamwidth and roust structure.

Helical antenna is widely applied in aerospace system because of its circular polarization
and broadband characteristic. While conventional cylindrical helix usually needs a ground
plane (reflector) and has a small angular range in the axial direction [1]. [2] it can obtain a
broader beamwidth by investigating an inverted-cylindrical reflector [2] but it has a compli-
cated feeding circuit network at the same time. A rhomboid plate structure in a large size is
employed to broaden beamwidth in [3]. In [4], it introduces a small cylindrical helical antenna
with a wide angular region. Additionally, several hemispherical helical antennas are investi-
gated, which can produce pure circular polarization radiation over a broader angular range
[5–7]. However, large reflector is still necessary and the antenna structures provided in [4–
7] are difficult to maintain stably in vertical direction, which is not suitable for satellite appli-
cation. Dual-band spiral printed helical antennas proposed in [8] and [9] are miniaturized by
surface and inner dielectric loading, they have extremely low profiles and strong structures
while it needs two feeding lines or a feed network simultaneously. Bifilar backfire antenna
is first demonstrated by Patton [10] and it has an advantage over a conventional helix in
that a ground is not needed. In order to decrease the back lobe levels, tapered feed backfire
antenna is proposed in [11] and [12]. Moreover, non-resonant length element is also obtained
by replacing the end short termination [13, 14]. Nonetheless, height of the antenna is
reminded fairly high, which might influence the field-view of lens in the microsatellite system.
Furthermore, it does not recommend using lumped components in space-borne antennas due
to the high and low temperature environment.

The work is aimed at exploring a novel backfire helical antenna used as TT&C antenna in
microsatellite system (2–2.3 GHz). Attention is focused on introducing a new structural design
to realize low profile and broad beamwidth. In this paper, we present a compact design of a
two-arm backfire tapered cone helical antenna. It has a strong structure with low profile and out-
standing circular polarization radiation over a wide angular. These characteristics make it an
attractive candidate for TT&C application in microsatellite system. A prototype of the antenna
is constructed and its radiation characteristics are experimentally tested in this paper.

Antenna design geometry description

Figure 1 shows the configuration of the antenna. The thin helical wire is wound on a
two-layer stacked tapered cone surface. The geometry of the wire per layer in a rectangular
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coordinate system can be described by the following equations:

x = (r + st tan u) cos (npt) (1)

y = (r + st tan u)sin(npt) (2)

z = npt (3)

where r is the upper radius of cone, θ is the cone taper angle, n
is the number of turns of the helix per layer and the pitch is s.

The antenna consists of two tapered sections. The lower radius
of the first section is equal to the upper radius of the second sec-
tion. An inside coaxial bracket supports the whole structure and
provides the excitation. Further, as shown in Fig. 2, a split-coaxial
balun is introduced for the current cancellation on the outer side
of the coaxial line [15]. Figure 3 shows that both the slot length sl
and slot width sw have a minor influence on radiation perform-
ance of antenna while have a significant influence on return
loss. Accordingly, a good impedance matching can be achieved
simply by varying the slot length sl and slot width sw.

For backfire helical antenna, there are existing two distinct
regions [16] and it is possible to acquire desired radiation pattern
by tuning the factors n, s and q (ratio of r to s) carefully [17].
Firstly, the helix wound on the upper tapered section plays the
main role for radiating. ΔC (change circumference per turn) is
selected around λ to keep phase congruence among helix and a
small n could realize a circular polarization wave. A fairly wide
beamwidth can be achieved by s≈ 0.25λ and q≈ 0.22. Secondly,
the lower tapered section makes contributions to the attenuation
of current. The current distribution largely determines the oper-
ation of a wire antenna [18]. A reflected current traveling back-
wards from the open end towards the feed point would damage

Fig. 1. Antenna geometry of the two-arm backfire two-layer tapered cone antenna (a)
front view (b) bottom view.

Fig. 2. Geometry of the matching slot.

Fig. 3. Effect of varying slot length sl on (a) return loss (b) w = 0° radiation patterns (2.1 GHz) (c) w = 90° radiation patterns (2.1 GHz) and effect of varying slot width
sw on (d) return loss (e) w = 0° radiation patterns (2.1 GHz) (f) w = 90° radiation patterns (2.1 GHz).
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the purity of circular polarization radiation and it would decrease
when the wire length l is an integral multiple of λ. In particular,
compared with the uniform structure, the tapered one needs fewer
helical turns to reach the same l, which means a lower profile. The
key parameters of antenna can be calculated as follows:

n = 1 � 2 (4)

s = 0.25l (5)

DC ≈ l (6)

r = qs = 0.22s (7)

u = tan−1 (s/DC) (8)

l ≈ n

�����������������������������(
2pr + (n− 1)DC

2

)2
+ s2

√√√√ = kl, k = 1, 2 . . . (9)

Figure 4 illustrates the current distribution and 3-dB axial ratio
beamwidth (ARBW) of a two-half turn backfire-tapered cone hel-
ical antenna at three wire lengths of l/λ = 1.74, l/λ = 2 and l/λ =
2.26. It can be seen that except for the case with l/λ = 2, the cur-
rent distributions of the other two cases show the existence of a
reflected current wave. For the case with l/λ = 2, smoothly
decaying-traveling current way along the antenna wire can be
seen and it has the widest 3-dB ARBW. Furthermore, in Fig. 5
the simulated axial ratio is also depicted. A very wide circular

polarization angular coverage (axial ratio ≤3 dB) of 124°and a
quite low axial ratio of 0.86 dB are obtained with l/λ = 2 at center
frequency 2.1 GHz. Therefore, the decreased reflected current
improves the circular polarization of antenna.

Figure 6 displays variations of antenna beamwidth at w = 0°
(x–z plane) and w = 90° ( y–z plane). The dimensions of the two-
half turn backfire-tapered cone helical antenna are l/λ = 2, ΔC/
λ ≈ 1, s/λ ≈ 1/4, q ≈ 0.22 and h = 6 mm. The 3-dB ARBW and
the half power beamwidth (HPBW), varies between 110° and
165°, 125° and 155°, respectively. In other words, it has a very

Fig. 4. Current distribution and ARBW of a two half- turn backfire tapered cone helical antenna with ΔC/λ≈ 1, s/λ≈ 1/4, q≈ 0.22, nup = 1.5, ndown = 1, h = 6 mm and
different wire lengths at center frequency 2.1 GHz.

Fig. 5. Simulated axial ratio at center frequency 2.1 GHz.
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wide beamwidth within the frequency band. The maximum
HPBW difference between the beamwidths of two different planes
is less than 10°, which means the radiation pattern of the antenna is
highly symmetric about the z-axis in a wide frequency band of 2–
2.3 GHz. The normalized power patterns versus frequency at w = 0°
and w = 90°are also presented in Fig. 7. Closer examinations of
these patterns figures out that each has a broad main beam and pat-
tern shape remains constant within the focused frequency TT&C
band. It is noted that the HPBW increases as the frequency
increases. It indicates that the beam is broadened, which is the
desired characteristic for TT&C application.

The installation platform has a very significant impact on the
directivity of the antenna and the influence could be reduced by
reducing back lobe level of antenna. In this work the front-to-
back ratio is more than 18 dB over S band and Fig. 8 shows the
normalized power patterns of antenna with a large installation
plane below, which represents the surface of satellite. It demon-
strates that the large surface of satellite has a slight impact on radi-
ation patterns of the proposed antenna. Further simulations of
radiation performance should be done for specific installation
platforms case by case.

Simulation and measured result

Figure 9 shows a picture of the prototype proposed in last section.
The total number of helical turns is only 2.5 and the height is just
89 mm. It has left-hand circular polarization radiation with s =
34.2mm, ΔC = 140.1 mm, q = 0.22 and θ = 14°. Compared with a
conventional helical antenna working at the same frequency,
the proposed antenna has a substantial decrease of 67% in its
height. Finally, there are four mounting holes on the reflector
for installation and a 50Ω SMA coaxial connector is attached
to the reflector. After the prototype was carefully constructed,
the measurement results of far-field patterns, axial ratio, VSWR
and gain are presented and compared with the corresponding
simulation results.

Comparisons of the simulated and measured VSWR versus
frequency, as well as the axial ratio, for the fabricated prototype
are shown in Fig. 10. There are generally good agreements
between the simulated and measured VSWR and axial ratio
results. The experimental VSWR ≤2 and axial ratio ≤3 dB covers
the frequency band from 2 to 2.3 GHz. Moreover, the measured
3-dB axial ratio bandwidth is 18.8% relative to a mid-band

Fig. 7. Simulated normalized power patterns at w = 0° and w = 90° for the two half- turn backfire tapered cone helical antenna of Fig. 4.

Fig. 6. Simulated HPBW and 3-dB axial beamwidth (ARBW) versus frequency at w = 0°
and w = 90°.
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frequency of 2.12 GHz, which clearly indicate that the proposed
antenna can radiate effectively over entire TT&C bandwidth.

Far-field patterns of the prototype antenna are also examined.
Variations of the simulated and measured gain versus frequency

are shown in Fig. 11. Again, a good agreement between the mea-
sured and calculated results is noted. The maximum measured
gain is about 5 dBi with about ±1 dB fluctuations. Figure 12 illus-
trates measured and simulated normalized radiation patterns of
the prototype antenna at 2.1 GHz. A closer examination of
these patterns emphasizes good agreements between measured
and simulated results and also ascertains the axial symmetry of
the main beam. The radiation patterns consist of a large main
lobe with almost no sidelobes. The measured half-power beam-
widths are around 132°at w = 0°and 141° at w = 90°, while the cor-
responding simulated beamwidth are more than 131°at w = 0°and
143° at w = 90°. Such a wide beamwidth clearly indicates that the
proposed antenna can provide efficient radiation over a broad
angular range, which is suitable for TT&C application in satellites.

Moreover, thermal vacuum-cycle test (−90 to 90°C) and mech-
anical experiments were both carried out for the fabricated antenna,
which verified the antenna reliability well for microsatellites.

Fig. 9. View of the manufactured antenna (a) side view (b) front view (c) bottom view.

Fig. 11. Variations of gain versus frequency for the two half- turn backfire tapered
cone helical antenna of Fig. 9.

Fig. 8. Normalized power patterns at 2.1 GHz of proposed antenna with a large installation plane below, which represents the surface of satellite.

Fig. 10. Comparison of simulated and measured VSWR versus frequency, as well as
the axial ratio, for the two-half turn backfire tapered cone helical shown in Fig. 9.

Zhanyu Kang et al.1220

https://doi.org/10.1017/S1759078722001246 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078722001246


Table 1 compares the performance of the proposed antenna
with some reports mentioned before. Compared with the endfire
structures [5–7], the proposed antenna is easier for impedance
matching and more solid to maintain an erect structure in a
satellite system. The large ground plane is unnecessary.
Meanwhile, it has the fewest helical turns and lowest profile
among the backfire structures [11, 12] and [14]. Moreover, it
has a wider HPBW and 3-dB APBW than all aforementioned
designs simultaneously.

Conclusion

A low-profile two-arm backfire tapered cone helical antenna is
carefully studied both theoretically and experimentally.
Compared with a conventional helical antenna working at the
same frequency, this new design incorporates two major modifi-
cations, including the replacement of the uniform section with
two tapered cone sections, which lead to a dramatic decrease of
67% in its height and an increase both in HBPW and 3-dB
ARBW, and a matching section consists of a split-coaxial balun,
which makes it easy to realize good impedance matching. It pro-
vides a robust and low-profile structure with a more than 124°
angular coverage of circular polarization radiation, a HPBW of
more than 125°, a maximum gain of 5.1 dBi, a 3-dB axial ratio
bandwidth of 18.8% and nearly equal E- and H- plane far-field
patterns with high degree of axial symmetry from 2 to 2.3 GHz.
The low profile and excellent circular polarization radiation
make it an excellent candidate for TT&C application in the micro-
satellite system.
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