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This paper presents, for the first time, the hybrid use of loading techniques (which involve terminating the spiral arms with different
structures to give a resistive or capacitive effect) and a novel technique of cavity groove in order to enhance the performance of two-
arm, cavity-backed, 2-18 GHz spiral antenna. The antenna is made on Duroid 5880 and has the smallest form factor (50 mm
diameter), meeting all the performance metrics, which are targeted for efficient performance of a spiral antenna for ultra-
wideband (UWB) applications. Measured results match the simulated results and show that by the utilization of hybrid loading
and cavity groove, the gain is increased by a factor of 3.65 dBi and the axial ratio is improved by 2.73 dB at (2 GHz) as compared
to a simple Archimedean antenna made on Duroid 5880, without increasing the size. The proposed antenna shows 2.25dB
more gain and improved axial ratio performance as compared to a simple Archimedean spiral antenna made on Tmm4, without

the utilization of the hybrid techniques proposed earlier in the literature.

1. Introduction

Spiral antennas are circularly polarized (CP) antennas having
very large bandwidth. Therefore, they are suitable to be used
in applications such as wideband communication, naviga-
tion, and monitoring of the frequency spectrum [1]. Other
applications include GPS, where it is advantageous to have
RHCP antennas. For practical UWB (2-18 GHz) systems,
S11 matching below —10dB (i.e,, VSWR<2:1) and axial
ratio less than 3 dB (for CP antennas) are normally targeted,
both by commercial vendors and researchers. Moreover,
for a 2-18 GHz spiral antenna, the stated gain in literature
across the whole band (especially lower frequencies) is
mostly above —5dBi (see Table 1). Considering these specifi-
cations, performance metrics listed in Table 2 are set as a
benchmark for a decent, 2-18 GHz spiral antenna.
Performance enhancement, keeping fixed antenna size, is
an active research topic to improve the overall device/
antenna performance. To design smart and compact wireless

products, we cannot rely on increasing the antenna size to
achieve the desired results; therefore, researchers are
actively looking for innovative solutions to improve the
performance of spiral antennas while keeping the size con-
stant. Some performance enhancement techniques include
3D rotation of spirals along cavity [2] and resistive loading
[3], which are very hard to fabricate. Other easy-to-fabricate
designs involve equiangular geometries [4] with tapering
and meandering the spiral at its ends [5]. Careful utiliza-
tion of these techniques can lead to either miniaturization
or performance enhancement of the spiral antenna for a fixed
antenna footprint. To the best of our knowledge, no one
has presented in the literature the use of multiple loading
techniques altogether in a “2-18 GHz” spiral antenna for
performance enhancement.

In this paper, for the first time, we propose the smart uti-
lization of hybrid loading techniques of meandering and
tapering, as well as another novel technique of grooving the
cavity, to boost the performance of a 2-18 GHz spiral
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TaBLE 1: Comparison of the proposed antenna with literature.

Ref. BW (GHz) VSWR Gain (dBi) Axial ratio (max. dB) Size (mm)
(8] 2to 18 <15:1 -6 7 56 dia.
[9] 2to 18 — -2 3.5 52x52
[10] 2to 10 — 0 2 72 dia.
[11] 2to0 18 <2:1 -5 5t09 130 x 130
[12] 2to0 18 3.9-12.6 1.5 >5 60 x 60
[13] (without hybrid techniques) 2to 18 <1.2:1 -4.9 2.6 50 dia.
This work 2to 18 <1.8:1 >-2.65 2.27 50 dia.

TaBLE 2: Performance metrics for (2-18 GHz) spiral antenna.

Benchmark value
At least —5 dBi
Below 3 dB
Less than 2: 1

Performance metric

Boresight gain
Boresight axial ratio
VSWR

antenna within the smallest form factor (50 mm diameter).
The 2-18 GHz spiral antennas mentioned in the literature
exceed the 50 mm size and do not meet the performance
parameters listed in Table 2 simultaneously (one or another
parameter is compromised). The comparison is provided
in Table 1. Whereas, by the utilization of hybrid loading
and cavity groove technique, we present the design of the
smallest form factor with significant performance enhance-
ment in gain by a factor of 3.65 dBi and axial ratio improved
by 2.27dB as compared to a simple Archimedean spiral
antenna, in an affordable, easy-to-fabricate design. In this
paper, we also present the design guidelines for utilizing the
aforementioned techniques and their detailed analysis with
proper explanation and graphs. Not to skip, the role of the
careful optimization of the design parameters, such as the
microstrip width (W), the number of turns, the spacing (S)
between the spiral arms, height of the cavity, and height of
the substrate and accurate modelling of the absorber, is also
explained. The paper is organized as follows:

Section 2 presents the detailed design flow, starting
from the design guidelines and utilization of performance
enhancement techniques, leading to modelling and fabrica-
tion of the spiral antenna. Section 2.1 draws the comparison
between the measured and simulated results. Finally, Section
2.2 presents the conclusions and acknowledgments.

2. Antenna Design

The proposed antenna is two-arm, cavity-backed (metallic;
for shielding) spiral antenna. The spirals start with simple
Archimedean turns moving on to meandered (zigzag) spiral
and finally tapering to a narrow microstrip width in the
end. The antenna is fed through a tapered microstrip balun,
having a low insertion loss. The balun serves as the imped-
ance transformer, converting the single ended port to a
symmetric port. Starting from unequal widths at the input
to equal width of microstrips at the output, the balun trans-
forms 50 ohms unbalanced impedance to 130 ohms bal-
anced impedance which is a common input impedance

FiGure 1: Simple Archimedean spiral antenna in the air.

among self-complimentary spiral antennas [6]. A novel
technique of grooving the cavity is also added to enhance
the performance.

2.1. Spiral Antenna Design Flow. A practical design of the spi-
ral antenna requires that current attenuates as it propagates
away from input terminals. After a certain point, the current
is negligible and structure can be truncated at that point. This
serves as the lower operating frequency cut-off point and is
approximated to occur when wavelength is equal to circum-
ference of spiral [7] as calculated by the following equation:

c
flow_W

outer

, R =24 mm (in air).

(1)

outer

Equation 1 suggests that in order to bring the lowest
frequency of operation to 2GHz, the minimum spiral
diameter needs to be 48 mm in air (i.e., without substrate
and not cavity-backed).

Reasonable matching is achieved throughout the band by
keeping the microstrip width of the spiral arm (W) and spac-
ing between spiral arms (S) almost equal, as shown in
Figure 1. “S” and “W” are determined based upon the num-
ber of turns, given a fixed diameter. However, along with
impedance matching, gain and axial ratio are also very criti-
cal parameters for a spiral antenna. For a 48 mm spiral in the
air, the gain is very less at lower frequencies (~—10dBi at
2 GHz) and axial ratio requirement is also not satisfied (~6-
7 dB for most of the 2-18 GHz band). Therefore, the ground
plane is introduced to increase the gain. But the ground plane
causes ripples/dips in the radiation pattern at higher frequen-
cies and deteriorates the axial ratio at frequencies for which
the spacing between the ground plane and spiral (“A, +air
gap,” see Figure 2) is not quarter-wavelength. If we try to
achieve better matching at higher frequencies by adjusting
the ground plane height, the lower frequencies get mis-
matched and vice versa.
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FIGURE 2: Side view of the proposed spiral antenna.

TaBLE 3: Dimensions of spiral antenna.

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)
D 50 AS, 1.575 S 0.8 W, 7

D, 1 A, 13.2 us_w 0.7 W 6

D, 3.6 1L Ginole turns 6.5 C, 1.5 Wee 0.8

R, 228 2 eandering 0.5 Air gap 1.8 W, 1.5

R; 0.92 13 {pering 0.5 Groove 0.787 Jw 12.7

To solve the matching issue, substrate is used, which
reduces the wavelength due to its relative permittivity (i.e.,
A, =A,/e.), and smaller frequencies get matched at the same
ground plane spacing. The substrate also gives support to the
spiral antenna. To improve the axial ratio, an absorber is
introduced between the antenna and ground plane which
absorbs waves going towards and coming back (if any) from
the ground plane that cause destructive interference. Optimal
absorber thickness (~13 mm in our case) is chosen based on
the loss tangent of absorber and frequencies of interest
(which need to be absorbed). The thicker the absorber is,
the lesser will be the gain and the better will be the axial ratio.
In our case, we chose a honeycomb absorber (HC-55175,
ARC Tech.) and modelled it in HFSS as a solid material with
E, 1.5 and tan 6 0.5 [8].

Another problem that needs to be addressed is the cur-
rents that get reflected from open ends of spiral which radiate
and interfere with main radiation beam degrading the axial
ratio. Increasing number of turns solves this problem as the
reflected currents get attenuated before reaching the main
radiation region of the spiral, which is near to the centre.
But, it decreases the gain because for a fixed antenna size;
the microstrip width needs to be decreased in order to
increase the turns, which increases the IR losses and reduces
the overall gain. Increasing the substrate permittivity (e,)
decreases the relative wavelength (A,) at 2GHz (i.e, A, = A,
/e,), and therefore, smaller size is required by an antenna to
radiate at 2 GHz. This increases the electrical length of the
antenna and enhances the performance at 2 GHz. Optimum
permittivity of substrate is between 2 and 5 for the optimum
electrical length of the antenna, but very large permittivity
will increase surface waves and deteriorate the axial ratio.

Therefore, for substrates with higher E. (>4), the substrate
thickness should be kept small (0.5-1 mm) to improve the
axial ratio.

Shape of the spiral, number of turns, substrate thickness,
electrical properties, size of absorber, and ground plane spac-
ing play a critical role in meeting the requirements of the gain
and axial ratio. By optimizing all the aforementioned param-
eters on a 50 mm dia., simple Archimedean spiral antenna,
the gain and axial ratio at 2 GHz were still —6 dBi (<-5 dBi)
and 5dB (>3dB) while the VSWR was<2:1 throughout
the band. Increasing the spiral diameter increases the
physical length of the antenna and improves both the gain
and axial ratio. Therefore, people usually increase the spiral
diameter from 48 mm to at least 55mm (even ~70 mm dia.
is mentioned in Table 1), in order to achieve reasonable
performance in all aspects. But for a miniaturized UWB
systems, this (7mm) increase in diameter becomes a big
deal, necessitating to find out innovative solutions to achieve
the required results without compromising the antenna size.
Therefore, along with optimization of parameters, we pro-
pose some performance enhancement techniques that can
be utilized for achieving the required benchmarks without
increasing the size. The final optimized parameters are tabu-
lated in Table 3.

2.2. Performance Enhancement Techniques. Our proposed
design involves the smart use of three techniques simulta-
neously to achieve the required results:

(a) Tapering
(b) Meandering
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FiGURre 3: Top view and close-up of the cavity groove.

(c) Groove in the cavity (novel)

The loading techniques of meandering and tapering are
very briefly mentioned in the literature (used individual/sep-
arately and not as a combination of two techniques) while the
technique of making a “groove in the cavity” is completely
novel. Usually, the higher frequencies already show satisfac-
tory results without the use of these techniques, but the
low-frequency gain and axial ratio of the spiral antenna
remain unsatisfactory.

2.2.1. General Trends and Effects. In this section, the effect
and general trends of each of the loading techniques will be
discussed one by one and then their combined effect will be
discussed in the next section:

Starting off with meandering, meandering (zigzag) of spi-
ral arms increases the antenna length by introducing zigzag
turns in the spiral arms and reducing the wave velocity at
the low-frequency portion of the spiral. This decreases the
low-frequency operational point of the antenna [5]. Since
the lowest operating frequency of the spiral antenna is
approximated to occur when the wavelength equals the
length of the spiral arm [7], therefore, by making the zigzag
turns in the spiral arms, the length of the spiral arms
increases which increases the physical length of the antenna
and consequently, the impedance matching at lower frequen-
cies is achieved. The pitch refers to the amount of the zigzag
that is made in the spiral arm (see Figure 3, top view); the
more the pitch, the more frequently the spiral is meandered.

Figure 4 shows that the gain continues to improve as we
increase the pitch (zigzag) of the meandering but the axial
ratio increases and then fluctuates between 5.7 and 6dB as
we increase the pitch after a certain value (0.6). This is
because after a certain pitch, the zigzag arms come in close
proximity to the adjacent arms and cause interference; this
is one of the reasons that spiral arm was not meandered more
than half a turn. We chose a pitch of 0.9 to ensure higher
gain, compromising the axial ratio, which can be improved
by tapering.

The second technique, tapering (decreasing the micro-
strip width of the spiral arms as they extend to the far end)
is very useful in order to improve the axial ratio of the
antenna. One of the main reasons of the bad axial ratio is
the currents that reflect back from the open ends of the spi-
ral and radiate destructively; tapering the ends of the spiral
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F1GURE 4: Trend of gain and axial ratio with meandering.

means narrowing the microstrip width which increases the
resistance and results into higher I°R losses. Due to this,
most of the current attenuates as it moves towards the end
of the spiral and very less of it reflects back, improving the
axial ratio.

Tapering is a very good technique because instead of
decreasing the overall width of the spiral arm, which will
decrease the gain significantly, we just taper it in the end to
improve the axial ratio of the whole band while keeping the
gain roughly the same. The effect of tapering is shown in
Figure 5(a); the axial ratio tends to improve as we increase
the tapering of the microstrip while the gain slightly
decreases. We tapered the spiral up till 0.6 mm to ensure
maximum improvement in the axial ratio.

Lastly, a novel technique to improve the performance is
by introducing a groove in the cavity as shown in Figure 2.
The groove is defined as a reduction in the metallic sidewall
adjacent to the substrate in order to prevent the reflections
of the surface waves in the substrate from the metallic cavity
and decrease the unwanted self-interference of the fields. As
we increase depth of the groove, the reflections decrease and
the gain and axial ratio improve, as shown in Figure 5(b).
Cavity groove is quite an easy and efficient way to improve
the performance of a spiral antenna. However, the groove
was kept to half of the thickness of the substrate (i.e.,
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FIGURE 6: Effect of meandering, tapering, and groove on (a) gain and (b) axial ratio.

~31 mil=0.787 mm) in order to provide support to the spiral.
While, in the case of radome, the groove can be further
increased and even better results can be achieved because
radome can provide the support. This makes the respective
technique very powerful and advantageous.

2.2.2. Combination of Techniques. As discussed in the previ-
ous section, meandering improved the gain from —6 to
—5.1dBi at 2 GHz, as shown in Figure 5(b) but the axial ratio
was still around 5 dB which was improved by proper termi-
nation of the spiral arms, by tapering. Hence, meandering
alone was not sufficient to get improved results in all aspects.

Therefore, tapering was also implemented to terminate
the spiral. This effect is also visible in Figure 6; the axial ratio
improved from 5.1dB to ~4.15dB at 2 GHz while the gain
decreased negligibly. Unlike other techniques, the increase

in depth of the groove significantly improved the gain from
—5.1dBi to —4.7 dBi and axial ratio from 4.15dB to 2.9dB.
Using cavity groove and the other two mentioned techniques
altogether, we were able to improve the performance of the
spiral antenna throughout the band, while maintaining the
smallest form factor, with gain increased by 3.65dBi and
axial ratio improved by 2.27 dB at 2 GHz as compared to a
simple Archimedean spiral antenna that does not utilize
these techniques.

2.3. Antenna Model. A 3D model of the antenna is shown in
Figure 7. The detailed dimensions of design have been tabu-
lated in Table 3 as well as marked in the pictures to match the
dimensions precisely.

2.4. Antenna Fabrication. The antenna cavity was made using
a lathe machine. The substrate and the balun PCB were
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FIGURE 7: 3D model and fabricated proposed spiral antenna.
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F1GURE 8: Comparison of measured and simulated (a) gain and (b) axial ratio.
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FIGURE 9: Comparison of measured and simulated VSWR.

fabricated using the LPKF PCB rapid prototyping machine.
Honeycomb absorber was used and modelled as a solid mate-
rial (E, 1.5, loss tangent 0.5) [8] in HFSS. The balun was
passed through the hole made in the honeycomb absorber till

the cavity base. The metallic cavity was grounded with the
connector. The differential signal from both ends of the balun
was fed to each spiral arm by soldering both microstrip sides
of the balun with the spiral arms.

3. Measurements and Results

The proposed spiral antenna has been simulated in an Ansoft
HEFSS-v16 EM simulator. Figures 8 and 9 show the compari-
son of measured and simulated results (gain, axial ratio, and
VSWR) of the spiral antenna along with the frequency.

Figure 10 shows the measured and simulated radiation
pattern of the spiral antenna. The measured results bear
slightly improved offset, in the gain and axial ratio as
shown by the graphs in Figure 10. The reason can be the
extra filing of the groove in the cavity (i.e., greater than
31 mil=0.787mm) as compared to the simulation model
and in turn improving the results. The results serve as a proof
of the success of our design. More precisely, the axial ratio is
far less than 3dB (i.e., <2.27 dB) throughout the 2-18 GHz
band, gain is greater than —2.65dB, while the requirement
was just >-5dB, and similarly, VSWR is less than 1.70 all
over the 2-18 GHz bandwidth.
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FiGgure 10: Comparison of measured (solid line) and simulated (dotted line) radiation pattern from (a) 2-10 GHz and (b) 11-18 GHz.

As can be seen from Table 1, by the utilization of
hybrid loading and cavity groove technique, the antenna
has performed significantly better than the already men-
tioned antennas in the literature. Moreover, the proposed
antenna shows 2.25dB more gain and improved axial ratio
performance as compared to a simple Archimedean spiral
antenna made on Tmm4, without the utilization of the
hybrid techniques [13].

4. Conclusion

The work presented in this paper demonstrates for the first
time the smart utilization of loading techniques along with
a new technique of cavity groove to develop a 2-18 GHz,
compact (50mm diameter), cavity-backed, spiral antenna
with significantly enhanced performance in all aspects than
the spiral antennas mentioned in literature. The effect of
hybrid loading and cavity groove technique to improve
the performance of an ultra-wideband (2-18 GHz) spiral
antenna is presented with detailed graphs and trends. Mea-
sured results show significant improvement in the gain and
axial ratio throughout the band, with gain increased by a
factor of 3.65dBi and axial ratio by 2.7dB at 2GHz. The
proposed antenna is suitable to fit in miniaturized products
and has applications in wideband sensing, spectrum moni-
toring, radar systems, and broadband communication.
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