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ABSTRACT: This paper proposes a multistep reflector backing for compact spiral antennas to provide a consistent unidirectional pattern
over a wide frequency band with improved gain, axial ratio (AR), and efficiency for 2—18 GHz applications. The effect of varying the
step number and step sizes of the reflector on antenna parameters has also been studied in the proposed work. The fabricated prototype
antenna provides good impedance matching and circular polarization over the entire frequency range and is compact in size with a height
of 0.078 wavelengths (A,,) at the lowest frequency. The antenna exhibits a rotating radiation pattern with frequency in the azimuth
direction, providing an almost constant beamwidth of 117°, with variation in gain limited to only 0.75 dBic above 8 GHz, yielding a
flat gain response at higher frequencies. The compact size and improved parameters of the designed wideband antenna with a stepped
reflector make it a suitable candidate for electronic warfare applications.

1. INTRODUCTION

frequency-independent antenna is recognized for its wide-

band impedance matching, gain, and uniform radiation
pattern over a wide range of frequencies. In the 1950s, the
first spiral antenna was introduced based on the concept of a
frequency-independent antenna [1]. Wide bandwidth, consis-
tent input impedance, constant beamwidth, and circular polar-
ization make the spiral antenna ideal for most wideband ap-
plications. Performance enhancement of antennas has been a
demanding area of research for antenna designers for decades.
Significant work has been carried out for the performance im-
provement of different frequency-independent antennas, but
spiral antennas have received comparatively less attention.

A unidirectional beam is often desirable as it reduces interfer-
ence from placement structures and improves antenna perfor-
mance. Various techniques for improving the radiation proper-
ties over a wide band of frequencies have been explored in liter-
ature, like modifying the ground plane geometry, reactive load-
ing, artificial materials [2, 3], magnetic materials [4, 5], lumped
components [6], parasitic layers [7], etc. Absorbers are of-
ten placed under the antenna to improve the low-frequency re-
sponse [8]. Novel methods have been used to design a com-
pact spiral antenna over the 2—18 GHz frequency band. The
maximum achievable bandwidth of a conductor-backed spiral
antenna was calculated analytically as in [6]. Chip resistors
have sometimes been integrated into the substrate to achieve a
good axial ratio (AR) and high gain [9]. A polygonal spiral an-
tenna has been placed inside a low-profile reflector to achieve
a maximum gain of 6 dB [10]. Stepped reflector designs have
beenreportedin [11, 12] to improve gain, and stepped absorbers
have been used in [13] to improve AR at lower frequencies. A
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stepped reflector has been used in [15], where a significantly
low gain is reported at a lower frequency. A study of nu-
merically optimized conical conductive backing design for 2—
10 GHz has been discussed in [16]. Another way of modify-
ing conical conductive backing is by adding a step to form a
modified backing where an improvement in gain has been ob-
served [18]. For the above-discussed reflectors, there is gain
and AR variation throughout the frequency band. To improve
these parameters, a novel multistep reflector backing is pro-
posed in this paper. A progressive development of the design is
demonstrated to arrive at the recommended antenna geometry
of the proposed spiral antenna with a stepped reflector, which
improves its performance, yielding high gain, flat frequency re-
sponse particularly above 8 GHz, and optimized AR at low fre-
quencies for 2—18 GHz applications. A key focus of this work
is achieving a flat gain response above 8 GHz, which is par-
ticularly important for wideband communication and sensing
systems operating across the 8—18 GHz range. In such sys-
tems, consistent gain across frequency ensures uniform signal
strength, minimizes spectral distortion, and contributes to re-
liable overall system performance. A flat gain profile also re-
duces frequency-dependent variation in the link budget, miti-
gates the effects of frequency-selective fading, and simplifies
system calibration and post-processing. These benefits are es-
pecially relevant in applications such as radar, electronic war-
fare (EW), and high-data-rate communication, where wide in-
stantaneous bandwidth and spectral efficiency are critical.

2. CONFIGURATION AND STUDY WITH DIFFERENT
REFLECTORS BACKING DESIGN

The geometry of a spiral radiator and the reflector backing is
shown in Fig. 1. The centerline of the spiral antenna is governed
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Reflector Backing

FIGURE 1. Schematic of the spiral antenna with stepped reflector.

by the Archimedean function as in Eq. (1) [18]
(M

where 7, =radius of spiral from the origin to center line of the
arm, as, = 1.273 mm/rad the spiral constant, and ¢,, = winding
angle.

The reference antenna in Fig. 1 has eight turns, arm width
Wep = 2.0mm, the separation between turns G5, = 2.0mm,
and the substrate selected for simulation is Rogers RT/Duroid
5880 with epsilon (&,.) = 2.2 and loss tangent (tan §) = 0.0009
[13]. A commercially available flat absorber JV Micronics-
JVMBF226 [14], with a height of 5mm, a width of 10 mm,
and an outer diameter of 78 mm, was placed under the antenna
[15]. The antenna was excited with a discrete port impedance
of 120 2 [20]. The designed structure has been simulated using
Dassault’s CST Microwave Studio Suite 2021 software [21].

A balun is required to connect spiral antennas to a coax-
ial cable. When being operated in balanced mode, these an-
tennas exhibit circular polarization. The arms of the spiral
get equal amplitudes and opposite phases from balanced struc-
tures, which are symmetrical around the feeding point. The
imbalanced output of the coaxial line can result in a skewed
beam due to an imbalance in the current magnitude of the spi-
ral arms. A balun generates a balanced differential output to
help impedance matching between the spiral and coaxial lines.

Tsp = Qsp * Pw

The structure of the tapered feed balun top and bottom sides
is shown in Fig. 2. The balun is printed on a Rogers RT Duroid
5880 substrate, which has a thickness of 1.57 mm, a ¢, value
of 2.2, and a loss tangent tand of 0.0009. The width of the
top plane (W}, = 4.5 mm) and bottom plane (W3, = 30 mm)
tapers gradually to the end (W, = Wy, = 2.1 mm) to form a
balanced transmission line. These parallel trace lines are kept
at a length of L, = 60 mm.

2.1. Spiral Antenna over Flat Reflector

The spiral antenna has been simulated over a flat reflector at
different heights, H, to study the active region of the spiral.
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The antenna starts to radiate as the circumference C' of the spi-
ral equals one wavelength (C' = \), with each frequency being
radiated near a radius r = ﬁ This region is known as the ac-
tive region [5]. A parameter Ag has been considered to under-
stand the gain variation, where Ag = the difference between the
maximum and minimum gains over the 8—18 GHz band [17].
Minimizing gain variation ensures a flatter gain response, al-
lowing the antenna to maintain consistent performance across
the entire operating band. This attribute is particularly criti-
cal in wideband applications, where signal integrity and uni-
formity over frequency directly impact system reliability and
efficiency. Significant fluctuations in gain can result in uneven
transmission or reception quality, potentially degrading overall
system performance.

The simulated results are plotted in Fig. 3. It is seen from
Fig. 3(a) that the gain of the reference antenna varies between
3.0 and 5.6 dBic over 2—-18 GHz. The gain at lower frequencies
improves when the flat conductor is placed at 12 mm, but grad-
ually degrades as the height is reduced to 5 mm. At higher fre-
quencies, a significant variation in gain is observed at 12 mm,
but as the conductor is moved to 5 mm, the variation decreases,
leading to improved gain stability. Low gain is observed at fre-
quencies where the height H = % This phenomenon mainly
occurs due to the reflected waves from the reflector causing de-
structive interference, leading to gain degradation [18]. As the
wave travels towards the outer turn of the spiral, it scatters and
reflects towards the feed, increasing the cross-polarization level
and degrading the low-frequency AR [19] as shown in Fig. 3(b),
where AR > 3dB below 2.75 GHz for the reference antenna
and AR < 3dB is observed for all the different heights of the
flat conductor. From this study, we have fixed the heights of
H; = 5mmand Hy, = 12mm.

2.2. Spiral Antenna by Adding Steps to the Reflector

Combining the benefits of flat reflectors at various heights, a
study has been performed by placing the antenna above a re-
flector with different numbers of steps. The number of steps
was designed in such a way that their height and width were
evenly distributed between the reflector’s height H,-H> and ra-
dius Ri-Rs, as shown in Fig. 1. The simulation results of the
reflector with different step numbers are shown in Fig. 4. In
the first case with one step reflector, it is observed that there
is a gain improvement below 6 GHz, but after that, there is
a significant drop in gain from 6-8 GHz. Thereafter, adding
the second step, a gain improvement is seen at 6—8 GHz, but a
drop is seen at higher frequencies. Adding the third and fourth
steps, a stable gain has been achieved from 8-16 GHz, and a
drop in gain above 16 GHz has been noticed. Adding the fifth
step, a stable gain is achieved from the 8—18 GHz band, and at
lower frequencies, the achieved gain shows a linearly increas-
ing trend. After adding the sixth step, a drop in gain below
0dBic at 2.5 GHz is observed, and a minimal drop in gain is
seen from 14—-18 GHz. However, the most uniform right hand
circular polarization (RHCP) gain out of these, in the 8—18 GHz
band, has been achieved by using a five-step reflector as shown
in Fig. 1, with a Ag = 0.75 dBic and the gain varying between
8.0 and 8.75 dBic.

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 158, 6372, 2025

PIER C

/s
Wi

=N
%

FIGURE 2. Geometry of tapered microstrip balun.
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FIGURE 3. Parametric study by varying the height of the ground reflector: (a) Gain, (b) AR.
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FIGURE 4. Simulated results for RHCP gain with different numbers of steps for the reflector.

2.3. Spiral Antenna over Multistep Reflector

For further improvement in Ag, the proposed multi-step reflec-
tor was modified by varying the step height and width to get
the best suitable flat gain. Every time just one parameter out
of these was varied, keeping all the other lengths equal, i.e.,
height 1.6 mm and length 4.8 mm. The width R; was varied
from 6 mm to 9 mm as shown in Fig. 5(a), and height H3 was
varied from 1 mm to 2 mm as shown in Fig. 5(b). The results
have been reproduced for widths of 6 mm, 7.75 mm, and 9 mm,
and heights of 1 mm, 1.5 mm, and 2 mm. An improved Ag at
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Ry = 7.75mm and H3 = 1.5mm is observed from Fig. 5.
Similarly, by varying the width and height of other steps over
the respective ranges, an optimal Ag was achieved for each step
as shown in Table 1.

2.4. Performance Improvement Compared to Other Reflectors

The performance of the spiral antenna with optimized dimen-
sions of the reflector, as shown in Table 1, has been compared
with the performance of spiral antennas over reflectors as found
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TABLE 1. Optimized heights and widths of steps for the stepped ground reflector.
Step Opti.mized Ag Step Opti.mized Ag
width (dB) height (dB)
Ry 7.75 mm 0.4 Hj 1.5mm 0.6
Ry 16.75 mm 0.3 Hy 1.5mm 0.6
R3 14.75 mm 0.6 Hs 1.3 mm 0.5
Ry 12.75 mm 0.6 Hg 1.7 mm 0.4
Rs 10.75 mm 0.5 Hy 1.5mm 0.7
(a) 12 ‘ ‘ ®) 12 : :
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FIGURE 5. Parametric study by varying the step height and width of the stepped ground reflector.
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FIGURE 6. Schematic of the spiral antenna with (a) Stepped reflector [11]. (b) Conical reflector [15]. (c) Modified conical reflector [16].

in the literature. A spiral antenna placed over a step reflector
structure as shown in Fig. 6(a) has been studied in [11], where
the height H; = 5mm and Hy = 12mm and R; = 2.5 mm.
The simulated RHCP gain is shown in Fig. 7, where there is a
drop in gain at 7 GHz. In[15], a conical backing was placed be-
low the spiral antenna, as shown in Fig. 6(b), where H; and H>
are the same as those of the stepped reflector in [11]. A conical
shape has been formed between the two surfaces with radius
Ry = 2.5mm, which allows sufficient space for the balun feed
and with a radius R, = 36 mm, which is the outer dimension
of the spiral antenna. The simulated RHCP gain is shown in
Fig. 7.

There is a drop in gain at 7 GHz and 14 GHz. The spiral an-
tenna has been placed over a modified conical reflector struc-
ture [17] as shown in Fig. 6(c), where the radius R; has been
increased to 12 mm, and a hole of 2.5mm is made over this
surface to pass the balun feed, keeping other dimensions same.
The simulated RHCP gain is shown in Fig. 7, where there is
an improvement in gain as compared to the conical reflector at
14 GHz, and the gain that was degraded to 2 dBic is now im-
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proved to 6.4 dBic. Finally, the spiral antenna has been placed
over the multistep reflector proposed in this work as shown in
Fig. 1. The simulated result shows that there is an improve-
ment in gain compared to the modified conical reflector, and
a flat gain response is observed from 8—18 GHz as shown in
Fig. 7. The comparison of the proposed work with similar work
in the existing literature as described above is reported in Ta-
ble 2. Compared to the published research, the proposed op-
timized antenna performs better than the existing techniques,
demonstrating its effectiveness in the design of compact and
wideband spiral antennas. The proposed antenna configuration
is seen to yield a better Ag over a much wider 8—18 GHz band,
with a better gain over the same band than other antennas op-
erating over the 2—18 GHz band.

3. EXPERIMENTAL VALIDATION

From the above investigation, it is observed that reflector steps
close to the feed have more effect on higher frequencies than
those near the edges. Therefore, it should be possible to achieve
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TABLE 2. Comparison with reported works.

Ref. Frequency | Maximum | Minimum | Ag | Antenna
range (GHz) gain gain (dB) Height
[3] 3-10 9dBi 2.7dBi - 0.09A,
[5] 3-10 9dBi 5dBi - 0.07Am
[9] 2-18 5.5dBic —5dBic 9 0.02M,,
[10] 2-18 6dB —2dB - 0.11M,,
[14] 2.5-17.5 8dB —10dB 45 | 0.013\,,
[16] 2-18 8.6 dBic —1.1dB 2.8 0.08 A,
P.W. 2-18 8.75 dBic -1.0 0.75 | 0.078An
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FIGURE 7. Comparison of a spiral antenna over various reflectors in literature to that over the developed multistep reflector.

a flat gain above 8 GHz by optimizing the radius of these steps,
resulting in a multi-step reflector with improved gain and polar-
ization performance. As per the above study H,, Ho, H3, Hy,
Hs, Hg, H7, Ry, Ro, R3, R4, and R;5, the dimensions given in
Table 1 were found to be the optimum dimensions for prototyp-
ing the reflector of the spiral antenna.

A spiral antenna with uniform width, spacing of 2 mm, and
diameter of 70 mm is fabricated using Rogers RT duroid 5880
(e = 2.2, tan § = 0.0009) with thickness 0.8 mm. Fig. 8(a)(i)
shows the photograph of the fabricated spiral geometry, and
Fig. 8(a)(ii) shows the absorber holding arrangement. The fab-
ricated multistep reflector is shown in Fig. 8(a)(iii) where the
top surface of the reflector is covered with the copper tape of
a thickness of 0.08 mm to realize the perfect electric conductor
(PEC) backing as in the simulation.

A tapered wideband planar balun is designed to match
the spiral antenna impedance of 1202 to the standard input
impedance of 50 (2 using the same substrate but with a thick-
ness of 1.57 mm, and the height of the balun is 45 mm. The
feed substrate width is reduced along the end to match the
reflector hole of 2.5 mm and is fitted in the reflector. The balun
is also covered with a 3D printed case with absorbing material,
and the inner side is covered with copper tape and absorber as
shown in Fig. 8(b)(i), to reduce the radiation from the feed.
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Fig. 8(b)(ii) shows the top view, while Fig. 8(b)(iii) illustrates
the bottom view of the assembled spiral antenna.

Measurements were conducted on a Keysight FieldFox
N9917A vector network analyzer (VNA). The measured
and simulated results of the proposed antenna are shown in
Fig. 9(a), where it is observed that |S1;| < —10dB over the
entire frequency range of 2—18 GHz. The radiation characteris-
tics of the antenna were measured inside an anechoic chamber
using the horn antenna as the reference. The RHCP (Right
hand circularly polarized) and LHCP (Left hand circularly
polarized) gains were calculated from the measured linear re-
sponse of the horn antenna as shown in Figs. 9(b) and (c). The
variation in RHCP gain is from —1.0dBic to 8.75dBic, and
above 8 GHz, the gain response stays flat within 8-8.75 dBic
with a Ag = 0.75dB till 18 GHz. An excellent agreement is
seen between the simulated and measured results.

The cross-polar LHCP gain is 15 dB below the RHCP gain
over all the frequencies. The simulated and measured ARs
are summarized in Fig. 9(d), where AR < 3dB and circu-
lar polarization response are observed over a wide frequency
band, and a good agreement is seen between the simulated and
measured results. As shown in Fig. 10, the current distribu-
tion of the spiral antenna varies with frequency, highlighting
the frequency-dependent behaviour of the structure. Specifi-
cally, by analysing the surface current distributions at repre-
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FIGURE 8. Fabricated prototype of (a) (i) spiral antenna, (ii) absorber on support, (iii) multistep Reflector backing, (b) (i) balun assembly, (ii) complete
antenna assembly top, (iii) bottom antenna assembly.
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FIGURE 9. Simulated and measured (a) |S11/, (b) boresight RHCP gain, (c) boresight LHCP gain, (d) boresight AR of the designed geometry.
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FIGURE 10. Current distribution of spiral antenna at various frequencies.

sentative frequencies across the 2—18 GHz band, we observe a
clear frequency-dependent modal evolution. At lower frequen-
cies (e.g., 2-4 GHz), the current is primarily concentrated near
the outer turns of the spiral, indicating dominant mode-1 exci-
tation. This results in a symmetric current pattern and a broad,
stable radiation beam with good circular polarization. As fre-
quency increases (e.g., 812 GHz), the active radiation region
shifts inward, and the current becomes more concentrated and
well centered, maintaining circular symmetry. At higher fre-
quencies (e.g., 14-18 GHz), the current distribution becomes
increasingly asymmetric, with evidence of counter-rotating cur-
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rents and signatures of higher order mode excitation. Despite
the emergence of higher-order modes, the axial ratio remains
well controlled across the band, suggesting that the stepped cav-
ity plays a critical role in managing these modal transitions.
The simulated and measured normalized radiation patterns
in ¢ = 0° and 90° planes at different frequencies are plot-
ted in Fig. 11. The radiation pattern of the antenna was mea-
sured using the setup illustrated in Fig. 12. The antenna un-
der test was placed on a rotating platform within an anechoic
chamber to minimize reflections and external interference. To
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FIGURE 11. Measured and simulated normalized radiation patterns at different frequencies.
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FIGURE 12. Radiation pattern measurement setup.
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FIGURE 13. Rotating radiation pattern in azimuth for the proposed spiral antenna.

accurately characterize the antenna’s performance across the
2—-18 GHz band, a segmented measurement approach was em-
ployed using multiple standard gain horn antennas for 2—4 GHz,
4-8 GHz, and 8-18 GHz sub-bands. Each horn antenna had
a low cross-polarization performance within its specific fre-
quency range. This strategy effectively minimized the influ-
ence of polarization impurities from the transmitting antenna,
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ensuring the measured values closely reflect the intrinsic per-
formance of the antenna under test. All measurements were
carried out in a fully anechoic chamber, with precise mechani-
cal alignment and polarization matching for each antenna used.
This frequency-specific and carefully calibrated setup signifi-
cantly improved the accuracy of the measurements, enabling
the close agreement observed with simulations, performance
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that would not have been possible using a single wideband
transmitting antenna. The small difference observed may be
due to the imperfection in the mounting of the antenna in the
3D-printed structure. The pattern is observed to rotate in the
azimuth direction with frequency, because of which a constant
beamwidth (and constant gain) is observed from 8—18 GHz, as
shown in Fig. 13. The achieved cross-polarization level is be-
tween 15 and 26 dB. Due to this rotating radiation pattern, the
beamwidth measured at fixed angles ¢ = 0° and ¢ = 90°
varies from a minimum half-power beamwidth (HPBW,;,) of
40° to a maximum (HPBW,,,x) of 117°, across the 2—18 GHz.
The 3D radiation patterns reveal that the main beam exhibits
a frequency-dependent rotation in the azimuth plane, while the
beamwidth in both principal planes (rotating with frequency)
remains nearly constant at approximately 117°, across the 8—
18 GHz band, achieving a flat gain response above 8 GHz. Due
to this phenomenon, this antenna can be used in either stan-
dalone or frequency-scanned array applications.

4. CONCLUSION

The gain variation of a frequency-independent wideband cir-
cularly polarized spiral antenna has been reduced by modify-
ing a flat reflector structure to a multistepped one. A simula-
tion study was performed over the multi-step conductive back-
ing structure by varying the height and length of the steps, and
the dimensions have been optimized to yield a low variation
in gain over the 8~18 GHz band. A fabricated prototype was
evaluated over 2—18 GHz, and a good agreement was observed
between the measured and simulated results. Circular polar-
ization and wideband matching were achieved throughout the
band. The gain was observed to be positive above 2.3 GHz with
a maximum value of 8.75 dBic at 17 GHz. The gain variation
Ag was observed to be 0.75dB over 8-18 GHz, providing a
flat gain response. The radiation pattern was observed to ro-
tate in the azimuth direction, making the beamwidth constant
over the 8—18 GHz band, leading to a flat gain. A compari-
son with the published research demonstrates that the method
proposed for optimized antenna performs better than the exist-
ing techniques used for designing compact and wideband spi-
ral antennas. The spiral antenna proposed in this paper can be
used in airborne, electronic warfare (EW) applications and for
frequency-scanned array applications.
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