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Penta-band linear tapered feed planar spiral
antenna for vehicular communications

RAMYA' AND THIPPARAJU RAMA RAO">

Owing to dynamic nature of vehicular environments, it becomes essential to achieve effective communication via
vehicle-to-vehicle and infrastructure-to-vehicle. This leads to the need for an antenna system that supports multiple frequency
bands, high gain, broadside radiation pattern, and circular polarization. We propose single-arm penta-band-based spiral
antenna with dimensions of 51 X 35 X 1.574 mm? resonating at navigational wireless frequencies 1.2 GHz for IRNSS and
1.5 GHz for GPS; wireless communication frequencies 2.45 and 3.3 GHz and dedicated short range communication frequency
5.8 GHz. Linear taper feed has been introduced to achieve good impedance matching and the outer edge feed of the spiral on
the same plane helps to achieve circular polarization. The measurement result proves the betterment in impedance of the
spiral antenna that varies from 50 -55 () across the desired operating frequencies.
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. INTRODUCTION

Intelligent Transportation Systems (ITS) a state-of-the-art
combination of transportation infrastructure and information
technology will play a vital role in enabling a variety of wire-
less applications for safety, traffic efficiency, and infotainment
[1]. The development of wireless technologies lifted research-
ers and manufacturers to design vehicles with navigation
systems, wireless communication systems, dedicated short
range communication (DSRC) systems and many more. It is
important to have high-performance antenna, which will
improve transmission, reception, and increase capability of
the ITS. The design of an antenna with multiband operation
is the development tendency for improving the utility effi-
ciency of the limited spatial resources.

Various solutions are provided in literature to get multi-
band operations with single radiating element. This includes
slot antennas, inverted F antennas, and printed monopole
antennas. In [2], author introduced additional dielectric sub-
strate with reflector to achieve vehicular antenna characteris-
tics that makes antenna bulkier. In [3], a dual-band slot
antenna is proposed in which the antenna is affixed to a
copper plate to improve impedance characteristics. In [4, 5],
author proposed stacked antennas to resonate in multiband
for vehicular applications that occupies more space in roof
of the vehicle. Printed monopole antennas are currently
prevalent in automotive systems because it meets the benefits
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of omnidirectional pattern, compact size, lower costs, ease of
fabrication, and compatible with ITS requirements [6]. In
[7], two separate radiators sharing the aperture is proposed.
To reduce the space planar inverted F antenna (PIFA) is inte-
grated with “Y” shaped monopole antenna. In [8-10], mono-
pole antenna is proposed to resonate at multiple frequencies.
Several other multiband antennas for mobile communications
can be found in literatures [11-15]. The antennas discussed in
literature are linear polarized.

For vehicular communications, circularly polarized anten-
nas have better reception than linear polarized antenna when
vehicles are in motion [6, 16]. It is necessary to study the mul-
tiband antenna with large ground plane, since the radiation
characteristics of the antenna should not get affected with
larger ground-plane structure. There should be a negligible
effect on the antenna structure even, though it is placed on
the larger ground plane. This characteristics is very much
desired for vehicular communications. Thus, from the litera-
ture study, following conclusions can be made: (1) multiband
antenna for vehicular communication needs to be omnidirec-
tional with circular polarization; (2) effects of ground plane on
radiation must be negligible; and (3) compact size.

To achieve the above-mentioned requirements, planar
spiral antenna has been found to be suitable for multiband,
circular polarization, and also planar spiral structure allows
maximum current flow. Maximizing the current flow in the
conducting element helps to minimize the antenna size.
Spiral-shaped planar antennas have been developed for
various mobile communication applications [17-20]. Owing
to the high-input impedance of the spiral antenna, it compli-
cates the feeding system to match with 50 () port. Hence, it
necessitates the use of balanced feed or special balun to
achieve impedance matching. In this paper, a penta-band
spiral antenna is proposed for vehicular communications
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that satisfies the above requirements and overcomes the gaps
discussed in [2-5, 7-13]. It supports vehicular wireless com-
munication services along with navigation services. To
address the impedance issue of spiral antenna, a tapered
feed is introduced at the outer edge of the spiral on the
same plane. A smooth current flow from feed to radiating
element helps to achieve better impedance matching. The pro-
posed antenna provides circularly polarized broadside radi-
ation pattern with improved impedance matching.

The paper is divided into four sections. Section I provides
an introduction to this work, Section II explains the proposed
solution with the design, and Section III explains simulated
and measured results of the antenna. Finally, Section IV con-
tains the conclusions.

. ANTENNA DESIGN

Spiral antennas are well known for circular polarization and
wider beam width. The basic form of the planar spiral
antenna can be of Archimedean or equiangular spiral struc-
ture [21]. The circular polarization characteristics of
Archimedean spirals are better when compared with equi-
angular spirals. Figure 1 shows the single-arm Archimedean
spiral structure. In polar coordinates (r, ), it can be described
by the equation.

r=a-+bo, (1)

where a is the initial radius and b is the spiral growth rate,
controls the distance between successive turnings.

The proposed antenna design is started with fundamental
microstrip patch antenna. The dimensions of the dielectric
substrate is obtained using the formula stated in [21]. We con-
sidered the circumference of the inner and outer circle of the
planar spiral as one fourth of the guided wavelength (A,/4)
with respect to the lower and upper frequencies to get
desired multiband operation. The inner and outer radii (R,
and R,) of the spiral are obtained using equations (2) and (3).

R :L (2)

R,=—. (3)

Fig. 1. Geometry of single-arm Archimedean spiral structure.
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Spiral growth rate and 6 is fixed as 0.693 and 7 radians,
respectively. The width of the spiral for N turns is calculated
using,

R, — R,
§=—=_"1
N (4)

A) Effect of taper feed

The high-input impedance of the spiral antenna requires
balanced feed or special balun to achieve impedance matching
that complicates the feeding system. Impedance mismatch
between the conducting element and feed line leads to
narrow bandwidth. Hence, impedance matching is a signifi-
cant factor for enhancing the performance of the antenna.
Linear taper feed allows a smooth current flow from feed to
radiating element. Thereby helps to achieve better impedance
matching. Initially the antenna is fed with traditional micro-
strip lines without taper structure as shown in Fig. 2 and
designed using Ansoft’s HESS tool. In general, width of the
feed line determines the impedance. The width and length
of the microstrip feed line is calculated using equations (5)
and (7) with respect to middle frequency band (2.4 GHz) to
achieve 50 () line impedance. The width and length of the
feed line is further optimized to 4 and 18.1 mm respectively
to achieve desired penta band. Later the impedance variation
is studied by introducing taper feed and varying the taper feed
slope. Taper slope calculation is shown in Fig. 2.

1207
7z = s
Ve (w/h) +1.393 + 0.667 x In((w/h) + 1.444))
(5)
Sreﬁzsrj—l 8r+1[1+12_] -1/ 6)
Ao
L1 = )

Slope = w2/wl

Fig. 2. Initial geometry of penta-band antenna.
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Table 1. Effects of taper feed on antenna impedance.

Impedance of antenna (Z in (2)

Frequency GHz Taper slope

Without slope 1.2 1.4 1.6 2.0
1.2 70.5-j0.18 66.9-j0.65 66.2—-j2.65 55.4-j8.65 74.8-j7.52
1.5 67.41-j13.8 58.6-j18.1 69.3-j20.1 54.1-j14.7 55.5-j26.8
2.4 68.9-j1.14 50.1-j5.18 48.5—j§.7 49.7-j9.28 49.1-j11.4
3.3 69.6-j13.2 68.0-jl5.6 54.5-j17.4 57.5-j9.6 55.3—j22.1
5.8 66.3-j3.82 65.5-j4.84 46.3-j7.1 54.5-j7.34 47.1-j7.24
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Fig. 3. Taper effect on impedance.
Table 2. Dimension of the antenna.
Parameter L w L1 L2 S R2 R1 W2 W1 N
Dimension 51 mm 35 mm 18.1 mm 4.5 mm 1 mm 1.25 mm 15.25 mm 4 mm 2.5 mm 3.5 turns

where &, is the dielectric constant, w is the strip width and h is
the height of the substrate, and A, is the free-space wave
length.

By varying the taper slope, magnitude of impedance at
desired frequency bands are noted. The variation in antenna
impedance for various slopes is shown in Table 1. From the
observation, we interpret as the slope increases the impedance
of the antenna decreases to an extent and again it starts
increases with further increment in slope. Though the imped-
ance is more than 65 () without taper slope, it necessitates the
taper structure in the feeding system. Figure 3 helps to get
better clarity on effects of taper feed and it ensures the essen-
tial of taper feed. The taper slope of 1.6 gives impedance much
closer to 50 () at all desired frequencies; hence, we fix to slope
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1.6. With these W2 and slope values, fixed W1 as 2.5 mm. The
final antenna dimensions are listed in Table 2.

Further, a parametric study has been conducted to investi-
gate the effects of ground-plane size on impedance bandwidth.
Figure 4 shows the return loss variation of proposed antenna
with respect to ground-plane size. The study illustrate by
adjusting the ground-plane length, the antenna performance
can be improved. From the graph we finalized the L2 to be
4.5 mm, which helps to achieve better impedance at desired
bands.

Then, the antenna is printed on 1.57 mm thickness
Rogers’s RT Duroid 5880 with the &, = 2.2, and loss tangent
(8) = 0.0009. The size of the ground plane is 4.5 X 35 mm®
Simulated results are validated through Vector Network
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Fig. 4. Return loss characteristics of the proposed antenna with the variation
in ground-plane length.

L
R1
s Fig. 7. Experimental setup.
Lt Analyzer. The geometry of the proposed antenna is shown in
Fig. 5.
L2
n . SIMULATION AND MEASURED
» RESULTS

Fig. 5. Geometry of penta-band antenna with tapered feed. .
&> R P Figure 6 shows the prototype of the proposed antenna.

Keysight's N9g25A Vector Network Analyzer is used to

s \[casured
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Fig. 6. Prototype of the proposed antenna. Fig. 8. Return loss characteristics of the proposed antenna.
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Axial ratio (dB)
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Frequency (GHz)

Fig. 9. Axial ratio of the antenna at all desired frequency bands.

validate the antenna performances. The experimental setup is
shown in Fig. 7.

The comparison of simulated and experimental |S,,| par-
ameter characteristics of the proposed antenna is shown in
Fig. 8. The results show that the antenna resonates at
desired penta bands. We could infer impedance bandwidth
of 70 MHz (1.16-1.23 GHz), 80 MHz (1.48-1.56 GHz),
60 MHz (2.37-2.43 GHz), 120 MHz (3.25-3.37 GHz), and
810 MHz (5.37-6.18 GHz) are achieved.

Axial ratios are frequently mentioned for antennas whose
desired polarization is circular. Axial ratio of the antenna at
main lobe over the desired frequency band is shown in
Fig. 9. It can be observed that, axial ratio is <3 dB at
desired bands indicating that the proposed antenna is circu-
larly polarized. Axial ratio bandwidth (ARBW) of 50, 60,
110, 170, and 370 MHz at 1.2, 1.5, 2.4, 3.3, and 5.8 GHz,
respectively, are achieved.

Ref 1.00

IF

ts 1001

Fig. 10. The measured impedance of the penta-band antenna.
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Figure 10 shows the measured impedance pattern. Though
a small difference between simulated and measured imped-
ance is observe, the antenna is better matched to the 50 ()
port at all bands of interest. The current distribution of the
antenna at all desired frequencies shown in Fig. 11 depicts
the antenna has left-hand circular polarization.

SG 64 has been used for radiation measurement. It is a
standalone antenna measurement with CTIA certifiable meas-
urement facilities. Figure 12 shows the simulated and mea-
sured E and H-planes of the proposed penta-band antenna.
It shows antenna has broad side radiation pattern at lower-
frequency bands and quasi-broad side pattern at higher-
frequency bands. At 5.8 GHz, we observed a considerable
variation in maximum gain. This may be due to the
quasi-broad side pattern and better return loss attained at
5.8 GHz. In addition, GPS applications require high-gain
and directivity. Though the directivity of the antenna at
1.5 GHz can be improved by increasing the ground-plane
length, it would affect the performance at other bands. This
limits the antenna performance for GPS applications. The
summary of the antenna performance are tabulated in
Table 3. Good agreement between simulated and measured
results is noticed. Average axial ratio bandwidth >4% is
achieved over the desired bands.

When the antenna is mounted on the body, it is essential to
have negligible effect on the performance of the antenna. It is
difficult to carry out the electromagnetic analysis with the
whole body because of limitations of memory size. Hence,
to study the effect of larger ground plane, we took the different
ground-plane sizes varied from 120 X 120 to 200 X 200 mm”®
in steps of 40 mm and analyzed the performance of the
antenna as shown in Fig. 13. The return loss characteristics
of antenna with various ground planes are shown in Fig. 14.
It ensures that there is negligible effect of larger ground
plane on antenna performance at all frequencies.

The effect of larger ground plane of size 200 x 200 mm* on
E and H-planes of the proposed antenna compared with

Output Power -15.0 dBm
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Fig. 11. Current distribution of the proposed antenna at all desired frequencies. (i) f= 1.2 GHz, (ii) f= 1.5 GHz, (iii) f= 2.4 GHz, (iv) f= 3.3 GHz, (v) f=

5.8 GHz.
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CMP@1.2

o =
o ———

Table 3. Performances of the proposed antenna.

Parameters Frequency in GHz

CMP@1.5
0

1.2 1.5 2.4 3.3 5.8

Impedance bandwidth (GHz) 0.05 0.11 0.09 0.19 1.1

Return loss 10.0 15.4 13.8 14.2 20.4
Gain (dB) 1.07 1.75 1.88 1.52 5.48
ARBW (%) 4.16 4 4.58 5.15 6.37
Radiation efficiency (%) 82.1 89.7 89.8 85 94.7

Fig. 13. The structure of the proposed antenna with large ground plane.

measured radiation pattern is shown in Fig. 15. We infer, the
presence of larger ground plane reflects the radiation and con-
structively adds it to the forward direction, which in-turn
reflects an increase in front-to-back ratio. Table 4 lists the
variation in front-to-back ratio. A small variation is observed
at lower frequency bands and a considerable variation is
observed at higher frequency bands, which do not impact
the targeted DSRC application. Further, we continued our
analysis with comparison of current work with the recent

https://doi.org/10.1017/5175907871700006X Published online by Cambridge University Press

CMP@2.4
0

-150

CMP@5.8

= = == Simulated E plane
Measured E Plane
Siulated H Plane

Measured H Plane

S1l1 (dB)

120 mm x 120 mm
180 mm x 180 mm 4
200 mm x 200 mm

— (P

—

.35 i i i

1 2 3 4
Frequency (GHz)

.
4

Fig. 14. Return loss characteristics of the antenna with various larger ground
planes.

literatures. Table 5 gives the performance comparison.
Current work has omnidirectional, improved ARBW and
compact size with reasonable gain, which can be used as a
vehicular antenna.

V. CONCLUSION

The design of penta-band single-arm spiral antenna to address
navigational frequencies (IRNSS & GPS), wireless frequencies
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@1.2 GHz
0

@ 1.5 GHZ @ 24 GHZ
0 0

== E plane with Large Ground Plane

—= H plane with Large Ground Plane

— Measured H Plane

@ 5.8 GHZ

— Measured E Plane 0

Fig. 15. Effects of E- and H-plane pattern at all desired frequencies placed on larger ground plane.

Table 4. Effect of larger ground plane on front-to-back ratio.

(GSM/3G/Wi-Fi/WiMax), and DSRC for various vehicular
wireless applications has been presented. A parametric ana-

Frequency Front-to-back ratio lysis is performed to show the effect of tapered feed. Good
(GHz) imped hing is achieved with d feed li
pedance matching is achieved with tapered feed line.
In absence of larger  In presence of larger ground . .
d 2 Thus, the antenna is better matched to the 50 ) port. Gain
ground plane plane (200 X 200 mm?)
of 1.07, 1.75, 1.88, 1.52, and 5.48 dB at 1.2, 1.5, 2.4, 3.3, and
1.2 1.6 L7 5.8 GHz are obtained, respectively. Further the effect of
L5 1.1 14 antenna placement on the larger ground plane is studied
24 1.04 l‘é and it is established that the deviations in return loss and radi-
3'3 198 > ation pattern are negligible. The prototype is fabricated and
> +9 75 validated. There is a good agreement between simulated and
Table 5. Antenna performance comparison.
Ref. Frequency of operation Radiation pattern Polarization Gain (dB) ARBW (MHz) Dimensions (mm?)
[4] 1.57 Directional Circular 5.8 20 50.0 X 50.0 X 4.0
2.45 3.5 20
5.8 3 400
1.57 3.5
[5] 2.49 Directional Linear 5.8 NA 50.45 X 51.0 X 6.4
5.8 2.5
1.8 2.6
[7] 2.45 Omnidirectional Linear 2.3 NA 52.0 X 52.0 X 0.8
Continued
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Table 5. Continued

Ref. Frequency of operation Radiation pattern Polarization Gain (dB) ARBW (MHz) Dimensions (mm3)
3.5 3
5.8 2.2

[9] 2.38 Omnidirectional Linear o NA 36.0 X 32.0 X 1.6
5.78 1.45
2.08 4.98

[14] 2.56 Directional Linear 3.53 NA 75 X 10 X §
3.64 5.65
5.3 6.77

[15] 3.02 Omnidirectional Linear 3.62 NA 60 X 100 X 0.787
5.8 3.89

[17] 1.6 Directional Circular 4.9 14 100 X 100 X 0.787
2.5 5.2 58
1.2 1.07 50

[This work] 1.5 Omnidirectional Circular 1.75 60 51.0 X 35.0 X 1.57
2.4 1.88 110
3.3 1.52 170
5.5 5.48 370

measured results. The results show that the proposed antenna [9] Rahman, T,; Zhaowen, Y.; Youcef, H.: A dual band monopole micro-

is suitable candidate for vehicular communications.
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