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ABSTRACT

In order to meet the wide-band full-space radio monitoring task, the design of a

circular-polarized planar dual-arm composite spiral antenna is presented in this paper. The antenna operation
covers the L-band and S-band frequencies ranging from 200 MHz to 6 GHz (relative bandwidth is 187.1%).
The equiangular spiral is applied to the beginning of the Archimedean spiral, which reduces the input
impedance of the antenna, thereby reducing the length of the cross-section of the feed balun and realizing the
miniaturization of antenna. The antenna is designed to be simple in structure and small in size. The diameter
of the radiating surface and the length of the section are only 1/5 and 1/50 of the working wavelength. The
simulated and measured results show that the antenna has a very good impedance matching (standing wave
ratio of less than 2.5), and the antenna has good symmetry, and has good circular polarization and wideband
characteristics. Finally, the antenna is applied with an USRP (universal software radio peripheral) to carry
out the electromagnetic signal monitoring experiment outdoors. The results show that the designed antenna
can receive electromagnetic signals in the 200 MHz - 6 GHz band and can be used for full-space radio
monitoring.

INDEX TERMS Circular polarization, low profile, miniaturization, planar helical antenna, ultra-wideband.

I. INTRODUCTION

With the widespread application of Ultra-wideband antenna
in the field of mobile communication, planar helical antenna
has been widely studied for its advantages of broadband,
simple structure, circular polarization and low cost [1]-[3].
However, the volume of the planar helical antenna is limited
by the working frequency, and the size of the low frequency
antenna is always too large [4]. Therefore, it has important
engineering value for the miniaturization design of planar
spiral antenna.

At present, the miniaturization technology of planar helical
antenna has been studied a lot. In general, antenna miniatur-
ization mainly includes aperture miniaturization and profile
miniaturization [5]-[8]. The miniaturization of aperture is
mainly due to the innovation of antenna radiation structure,
such as the tortuous processing of the antenna arm in the radi-
ation belt, the improvement of low frequency radiation effect,
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and the reduction of antenna diameter [9]-[11]. In addition,
the composite antenna is also an important miniaturization
method, such as the equal angle helix and Archimedean spiral
combined sky line, and the antenna terminal loading lumped
resistance [12]-[14]. The realization of low profile is mainly
achieved by adding absorbing materials to the reflector, using
EBG (Electromagnetic Band Gap) structure as the reflector,
special-shaped reflector and bending balun.

In this paper, a planar composite helical antenna with low
input impedance at 200 MHz - 6 GHz is proposed. The
radiation surface diameter of the antenna is 0.2A .« and the
profile depth is 0.02ip.x. Under the same working band
200 MHz - 6 GHz, the diameter of the Archimedean spiral
antenna requires at least 0.4Amax, while the diameter of the
equiangular spiral antenna is at least 0.5Amax [15], [16].
Compared with the traditional planar spiral antenna,
the diameter of the antenna is reduced by 50% and 60%
by means of the combination of the equal angle helix and
the Archimedean spiral, and the diameter of the antenna
is miniaturized. By analyzing the principle of exponential
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(a) (b)

FIGURE 1. Spiral structures.

gradient microstrip line, the smaller the input impedance
of the antenna is, the smaller the balun length is. In this
paper, the designed antenna input impedance is 75 €2, and
its corresponding balun length is only 30 mm, which realizes
miniaturization of the antenna.

Il. ANTENNA DESIGN

Planar helical antennas usually have two forms: the helix
antenna and the isometric spiral antenna. As shown in Fig.1
(a), the radius of the antenna increases uniformly with the
change of angle, and its equation is formula (1):

r=ro+a(p — o) (1

Here ry is spiral starting radius; ¢ is the azimuth; ¢ is the
starting angle; a is the spiral growth rate; (r, ¢) is the polar
coordinate of any point on the curve. The arm’s Archimedean
antenna is a zoned radiation, and a spiral band with a circum-
ference of about one wavelength forms the effective radiation
band of the antenna. The antenna diameter needs at least
0.4Amax-

As shown in Fig.1 (b), the shape of an equiangular helical
antenna is completely determined by its angle, and its curve
equation is equation (2):

r=rp-et® %0 (2)

Here ry is spiral starting radius; ¢ is the azimuth; ¢ is the
starting angle; a is the spiral growth rate; (r, ¢) is the polar
coordinate of any point on the curve. An isometric antenna
is an ultra-wideband antenna. When the length of the spiral
arm is greater than one wavelength, the antenna begins to
exhibit non-frequency characteristics, and the antenna diam-
eter needs at least 0.5Aax.

In order to realize the miniaturization of the antenna aper-
ture, a composite slot spiral antenna is designed, as shown in
Fig.2. The inner ring of the antenna is an isometric spiral, and
the outer ring is an Archimedean spiral. The whole antenna
has the characteristics of an isometric helical antenna, that is,
the spiral arm length will be non-frequency-changing after
being longer than one wavelength, and the outer ring has
a small antenna length due to the Archimedean spiral, and
the antenna is still small size. At the same time, in order to
minimize the size of the antenna, the antenna is designed as
a slot spiral structure.
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FIGURE 2. Composite slot spiral antenna structure.

The parametric equation of the inner boundary curve of the
equiangular helix is:
X = [ro . eal*(‘/’_‘PO)] . COS (t)
Y (1) = [ro - e*¥=%)] - sin (1) 3)
0<t<n;-27

The parametric equation of the outer boundary curve of the
equiangular helix is:

X (1) = [ro - e @=¢=90)] . cos (1)
Y (1) = [ro - e @7¢790)] - sin (1) 4)
0<t<n -2m

The parametric equation of the outer boundary curve of the
Archimedean spiral is:

X (6) = [ro - ™27 4 ay -] - cos (1)
Y (1) =[ro- ™™™ +ay-1] - sin(t) 5)
n -2 <t<np- 2w

The parametric equation of the inner boundary curve of the
Archimedean spiral is:

X = [VO LM gy —|—W] - cos (1)
Y (1) =[ro-e™? a1t +w]-sin (1) ©)
n-2n <t<np-2mw

The model is built and optimized in the electromagnetic
simulation software CST according to the parametric equa-
tion. On the basis of maintaining good working character-
istics of the antenna (ie, S11 curve, gain, and axial ratio),
the structural parameters of the antenna are comprehensively
adjusted to reduce the input impedance of the antenna to 75 €2,
thereby miniaturizing the antenna profile. The composite
slot spiral antenna is designed to use a FR4 substrate with
a thickness of 1.6mm and a relative dielectric constant
& = 4.3. The structural parameters are shown in Table 1.

IIl. EXPONENTIAL GRADIENT BALUN
The structure of a planar helical antenna is balanced and
symmetric, and an exponential transformation balun is often
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TABLE 1. Design values.

Parameters Values

7o 1.5 mm

a 0.221

[ 0

n 1.4

e 75

a 107

w 1.7 mm

TABLE 2. Design values.

Parameters Values
wi 1.49 mm
W) 1.9 mm
w3 9.5 mm
1 30 mm

used to achieve impedance matching and balanced feeding
between the antenna and the coaxial line. According to the
principle of impedance transformation of the exponential
gradient line, the shortest length of the balun satisfies the
formula (7).

A0

 8me, [T

In
Zy

lmin

(N

Among them, 7 is the antenna input impedance, Z is the
coaxial line impedance, ¢, is the dielectric constant of the
antenna dielectric plate, Ao is the wavelength of the lowest
frequency of the antenna operation, and I'y is the terminal
reflection coefficient. From equation (7), the shortest length
of the exponential gradient balun is limited by the minimum
operating frequency of the antenna and the input impedance.

In order to reduce the antenna volume and reduce the
length of the antenna profile, the input impedance of the
antenna is designed to be 75 2. The designed balun uses a
FR4 material with a thickness of 1mm and a relative dielectric
constant &, = 4.3 as the balun dielectric substrate. The struc-
ture is shown in Fig.3. The specific parameters are shown
in Table 2.

According to the above parameters, the model is built and
simulated in the CST, and the simulation results of the return
loss and the balun transmission coefficient of the balun unbal-
anced end are obtained, as shown in Fig.4. In the 200 MHz
- 6 GHz frequency band, the transmission coefficient of the
balun is greater than —0.5 dB, and the return loss of the unbal-
anced end is less than —10 dB, which satisfies the antenna
feeding requirement.

IV. SIMULATION AND MEASUREMENT RESULTS

In order to verify the proposed design, a prototype of the
antenna is fabricated and tested. The fabricated antenna
is shown in Fig.5. The impedance characteristics of the
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FIGURE 3. (a) Structure of the proposed exponential gradient balun.
(b) Top view of the fabricated balun. (c) Bottom view of the fabricated
balun.
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FIGURE 4. Balun simulation result.

(a)

FIGURE 5. Fabricated antenna. (a) Top view of the antenna. (b) Side view
of the antenna.

proposed wideband antenna are then evaluated throughout
the range of the operating frequencies through measure-
ments in an anechoic chamber using vector network analyzer.
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FIGURE 6. Measured and simulated S;; of antenna.

The measured results are compared with the simulations to
validate the experiment.

Comparison of the simulated and measured S responses
of the proposed planar spiral antenna in free space is given
in Fig.6. The simulated results agree very well with the
measurements confirming it can be considered as a broad-
band antenna. The antenna achieves a —10 dB impedance
bandwidth of 5.9 GHz in simulation (ranging from 0.1 GHz
to 6.0 GHz) and 5.8 GHz in measurement (ranging from
0.2 GHz to 6.0 GHz). Small discrepancies present between
the two results are most likely associated to the fabrication
tolerances.

Fig.7 shows the antenna gain angle measured in a
microwave anechoic chamber, where 0 and ¢ are the zenith
angle from the positive z-axis in the spherical coordinate
system and the azimuth angle from the positive x-axis in
the xy plane, respectively. Since it is a circularly polarized
antenna, there are no E plane and H plane, so two vertical
planes of ¢ = 0° and ¢ = 90° are taken for analysis. The
results are shown for both RHCP and LHCP radiated fields
in two different (¢ = 0° and ¢ = 90°) planes are almost
harmonized. In the broadside direction, the RHCP compo-
nents are approximately 20 - 30 dB greater than the LHCP
components which indicates that the antenna has notable
right hand circular polarization purity. It is verified that the
shortening of the exponentially graded microstrip balun does
not affect the feed performance of its unbalanced-balance.

Fig.8 presents the comparison of simulated and measured
axial ratio results of the proposed planar spiral antenna along
the direction of maximum radiation. The measured and sim-
ulated results of the axial ratio are almost matched. The pro-
posed antenna efficiently achieves the 3 dB axial ratio in the
whole of the region of 0.2 GHz to 6.0 GHz. Minimum axial
ratio is 0.3 dB at 4 GHz in simulation and 0.4 dB at 0.5 GHz
in measurement while its maximum value is 2.9 dB at 5 GHz
in simulation and 2.3 dB at 6 GHz in measurement. Overall,
a very good circular polarization bandwidth is expressed
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FIGURE 7. Measured and simulated radiation patterns. (a) 0.5 GHz.
(b) 1 GHz. (c) 2 GHz. (d) 3 GHz. (e) 4 GHz.
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FIGURE 8. Measured and simulated axial ratios and gains of the
proposed antenna.

by the antenna both in simulation and measurement, which
meets the radiation requirements of circular polarization of
antenna.

Fig.9 shows the gain of the antenna in the main radi-
ation direction versus frequency. In the frequency range
of 200 MHz - 6 GHz the gain of the antenna increases
with the increase of frequency, and the orientation is better,
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FIGURE 9. Gain of the proposed antenna.

FIGURE 10. Surface current of the antenna. (a) 0.5 GHz. (b) 1 GHz.
(c) 2 GHz. (d) 3 GHz. (e) 4 GHz. (f) 5 GHz.

which meets the requirements of miniaturized and wide-
band receiving antenna. The lowest gain at the low-
est frequency point is mainly limited by the antenna
aperture.

The balun and the antenna model are integrated into the
CST for simulation, and the surface current distribution map
of the antenna at 6 frequency points can be obtained, as shown
in Fig.10. It can be seen that for each frequency point,
the magnitude of the current on the spiral arm is gradually
attenuated from the center of the spiral to the outer region,
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FIGURE 11. Antenna is used to monitor environmental signals.
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FIGURE 12. Environmental spectrogram.

which indicates that the standing wave on the spiral arm is
small and the antenna has a low axial ratio characteristic.

Table 3 presents a comparison between the proposed
antenna and state-of-the-art spiral antenna designs for
microwave segment operation reported in open literature.
Size is calculated considering lowest operating frequency
reported in these studies. The comparison shows that the
proposed antenna achieves the maximum relative bandwidth
(relative bandwidth is 187.1%) compared to all reported
designs. At the same time, the proposed design also achieves
the lowest operating frequency (200 MHz), and has an overall
smaller size and lower profile.

V. USRP MEASUREMENT WITH ANTENNA

In order to verify the actual use of the antenna in the monitor-
ing equipment, the antenna and the USRP-N210 instrument
are assembled into an electromagnetic monitoring device,
as shown in Fig.11.

The equipment is placed in an external field environment to
monitor the electromagnetic waves of the surrounding envi-
ronment. The sweep spectrum monitoring signal is shown
in Fig.12.

From the experimental results, the spectral map of
the output can clearly display the electromagnetic signal
within 200 MHz - 6 GHz. The designed antenna can meet the
requirements of environmental electromagnetic monitoring
equipment for detecting unknown strong signals.
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TABLE 3. Comparison of spiral antennas.

Ref. no S11 bandwidth (GHz) AR bandwidth (GHz)  Gain (dBi) Electrical dimensions (\m)  relative bandwidth (%)
[7] 1~10 2~10 -10~9.5 0.31x0.31 x0.1 163.3
[8] 0.5~3.5 05~25 -5~5 0.42 x 0.42 x 0.08 1333
[9] 1.9~85 2~6 -10~7.5 0.22x0.22x0.13 126.9
[10] 2~18 - -6~7 0.87 x 0.87 x 0.02 160.0
[11] 3.95~10.6 3~12 1.5~5 0.79 x 0.79 x 0.015 91.4
[12] 08~3 1.5~3 -10~5 0.38 x0.38 x 0.19 115.8
[13] 2~18 2~18 2~6 0.35 % 0.38 x 0.106 160.0
[14] 0.8 ~4.37 0.9~4.37 7.5~13 0.30 x0.30 x 0.15 138.1
[17] 25~45 25~45 35~5 0.32 % 0.32 x 0.083 57.1
[18] 6~16 6~16 52~9.6 1.68 x 1.68 x 0.16 90.9
This work 02~6 04~6 -3~6 0.20 x 0.20 x 0.02 187.1

VI. CONCLUSION

This paper proposes a new antenna design for environmental
electromagnetic monitoring equipment, which is applied to
the working frequency range of 200 MHZ - 6 GHZ, and
its performance is studied. The slot-composite spiral method
simplifies and miniaturizes the antenna structure. In addition,
an unbalanced-balanced impedance conversion balun with
a gradually changing index from microstrip line to parallel
two lines is also designed in this paper, so that the antenna
maintains wideband characteristics and circular polarization
characteristics. The measured results show that the antenna
has a wide band of 5.8 GHZ, and the impedance matching
performance is better than —10 dB, which is suitable for
wireless electromagnetic monitoring applications.
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