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ABSTRACT This article introduces an ultrawideband antenna with stable phase center and circular
polarization. The proposed antenna is a low-profile cavity-backed spiral antenna measuring 58 × 58 ×

50 mm3, where the cavity is partially filled with an absorber. Throughout the desired frequency range
of 2 GHz to 18 GHz, the antenna maintains a return loss better than 10 dB; the phase center offset remains
within 10 mm in the direction of radiation and 4 mm in the plane of the spiral arms, the phase center variation
is less than 6 degrees; and the axial ratio of less than 3 dB. Fabrication and measurements of the antenna
serve to validate its performance.

INDEX TERMS Axial ratio, cavity backed, circular polarization, phase center offset, phase center variation,
spiral antenna, ultrawideband antenna.

I. INTRODUCTION
In an ideal scenario, in the far-field region of an antenna, on a
spherical surface centered at a point known as the antenna
phase center, the phase of radiated signal (or equivalently
radiation pattern) remains constant [1]. However, in reality,
our observation is different: the phase is not constant and
vary with spatial angles [2]. These changes are due to factors
such as asymmetry in the physical structure of the antenna,
asymmetry in the radiation pattern of the antenna, surface
currents on the antenna, and imbalance. Phase changes in
the antenna are frequency-dependent, causing the antenna
phase center to change with a frequency. In other words, in a
wideband antenna, a fixed reference point for the antenna
phase center cannot be obtained.

On the other hand, the stability of the phase center is of
the importance in various applications such as, navigation [1],
[2], [3], communication [4], satellite positioning [5], reflec-
tor antenna feeding [6], and direction finding (DF). Phase
comparison-based DF algorithms [7], [8] rely on the phase of
the received signal by the antenna element with respect to its
phase center. Then through the signal processing techniques
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the accurate position of the signal source is determined.
Therefore, precise estimation of the antenna phase center
and its stability leads to higher accuracy and reduced error
in detecting the location of the signal source. In navigation
systems such as GPS, antennas with a stable phase center also
provide higher positional accuracy [9]. Furthermore, in the
design of reflector antennas, locating the phase center of the
feed antenna at the focal point of the reflector is essential;
hence, the stability of the phase center across the operating
bandwidth (BW) contributes to increased radiation efficiency
of the reflector antenna.

In literature, various types of wideband antennas with
stable phase centers can be found. These include horn anten-
nas [4], [10], [11], [12], rod antennas [13], [14], Vivaldi
antennas [15], [16], [17], Slot antennas [18], helical anten-
nas [19], and spiral antennas [20], [21], [22]. In [11], a ridged
horn antenna with a relatively stable phase center and linear
polarization was presented in the Ka-band. Another example
of a horn antenna with a relatively stable phase center and lin-
ear polarization in the frequency band of 8-20GHz is reported
in [4]. However, the use of horn antennas at lower frequencies
results in large and heavy structures. Several examples of
Vivaldi antennas with stable phase centers in the frequency
band of 2-18 GHz are provided in [15], [16], and [17].
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These antennas show improved phase center stability com-
pared to horn antennas. However, they have linear polariza-
tion and relatively large dimensions, which pose challenges
for low-frequency structures. Reference [14] introduces a rod
antenna with a wide BW, linear polarization, and stable phase
center. However, fabricating such antennas is challenging.
Reference [19] reports a 4-arm cavity-backed spiral antenna
with circular polarization and a very stable phase center in
the frequency range of 1.1 GHz to 1.7 GHz. Reference [20]
presents a triple-band helix antenna that operates in the L, S,
and UHF bands with circular polarization and a stable phase
center.

After conducting a literature review, wewere unable to find
an antenna that meets all of the following requirements simul-
taneously: 1) possessing a super-octave BW, 2) maintaining
a stable phase center, 3) exhibiting circular polarization, and
4) featuring compact dimensions and low weight. The devel-
opment of such an antenna, particularly in the form of an
array, is of great importance in DF systems that rely on phase
comparison, which is the main focus of our current work.
In this article, we present a compact and ultrawideband spiral
antenna that encompasses circular polarization and maintains
a significantly stable phase center within the frequency range
of 2-18 GHz.

II. ANTENNA DESIGN AND CHARACTERISTICS
The primary goal of this study is to develop an antenna that
can be used for DF systems. The antenna should have a BW
ranging from 2 to 12 GHz, circular polarization, a radiation
pattern without any nulls in the broadside direction, and a
phase center offset of less than 10 mm. Our proposed antenna
design is presented in FIGURE 1. It consists of a dual-arm
flat spiral antenna that is printed on a RO4003C dielectric
substrate with a thickness of 1.5 mm (the other side of the
substrate does not have any copper).

Several equations have been proposed in the past for
designing the arms of spiral antennas. After simulating differ-
ent spirals (Archimedean, logarithmic, and complementary
logarithmic), we determined that using the logarithmic spi-
ral antenna results in better impedance matching, circular
polarization, wider bandwidth, and improved phase center
stability. The equations governing the arm curves of these
types of spirals are:

x(t) =
DI
2

cos (t) exp
{

t
2Nπ

Ln (DO/DI )
}

y(t) =
DI
2

sin (t) exp
{

t
2Nπ

Ln (DO/DI )
}

(1)

where 0 ≤ t ≤ 2Nπ , x and y represent the coordinates of
the arms on the antenna plane (xoy), N is the number of
turns of the arms, and DI and DO are the inner and outer
diameters the arms, as depicted in FIGURE 1(a). As shown
in FIGURE 1(b), the proposed spiral antenna is backed by
an aluminum enclosure (cavity) with a diameter of DC and a
height of HC . This cavity serves to eliminate back lobes and
reflect the signal towards the upper surface of the antenna.

FIGURE 1. Schematic of the proposed spiral antenna: (a) top view,
(b) cross section view, and (c) top and bottom view of the microstrip
balun.

TABLE 1. Optimized values of the design parameters.
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FIGURE 2. Fabricated antenna: (a) dissembled components, (b) antenna
after assembly, and (c), antenna in an anechoic chamber.

The height of the cavity is a crucial design parameter,
ideally being approximately one-fourth of the wavelength of
the center frequency. However, the use of a cavity does have
some drawbacks, including a reduction in BW, distortion
of the antenna pattern, and significant changes in the phase
center or the antenna. To mitigate these negative effects,
an absorber is placed on the lower surface of the cavity to
eliminate returning signals. The use of an absorber helps
reduce interference between disruptive signals, makes the
radiation pattern of the antenna symmetric, and enhances
both BW and phase center stability. However, it does result
in a reduction in antenna gain. Nonetheless, in our target
application, which is phase comparison-basedDF, the priority
is placed on phase center stability rather than gain. This is
because phase comparison-based DF algorithms rely on the
phase of the signals received by the antenna elements relative
to their phase centers, rather than their amplitude [23]. The
absorber used in our design is the MF-117 from Laird, which
has a standard thickness of 3.2 mm.

For feeding the spiral arms, a microstrip balun is used.
The balun is designed on a RO4003C substrate with a thick-
ness of 1.5 mm. The top and bottom surfaces of the balun
are shown in FIGURE 1(c). On the signal plane, a coaxial
connector post is mounted to a tapered strip with a width
of Wt1. To match the spiral antenna impedance (approxi-
mately 180 �) to the 50 � reference impedance, the strip is
tapered to awidth ofWt2 on the spiral arm side. On the bottom
layer of the balun, the width of the ground plane is tapered
through an exponential curve from the edge connected to the
flange of the connector (Wg) to the edge connected to the
spiral arm (Wt1).
The design parameters were initially determined using

analytical relations and the Antenna Magus software.
Subsequently, full-wave electromagnetic simulations were
conducted using the CST Studio package. This package
allowed us to obtain the phase center offset (PCO) and phase
center variation (PCV) of the simulated antenna. To meet the

FIGURE 3. Simulated and measured S11.

desired specifications, which include a stable phase center
in three directions, circular polarization, and proper radiation
patterns, optimization and parameter sweeps were performed
on the design parameters. The goal was to achieve these spec-
ifications over the widest possible BW covering 2 to 12 GHz.
The optimized values of the design parameters are given
in TABLE 1. Additionally, a more detailed parameter study
of the antenna is provided in the Appendix.

During the simulation, we observed the effect of dif-
ferent parameters on the stability of the phase center.
Since most of the energy is concentrated in the half-power
beamwidth (HPBW) of the antenna, the radiation character-
istics in that direction have a significant impact on the phase
center. Increasing the height of the cavity or the number
of turns of the arms can improve the antenna gain, but it
also causes variation in the phase center along the radiation
direction.

Furthermore, any disturbance to the physical and radiation
symmetry of the antenna in any direction will result in more
pronounced changes in the phase center in that particular
direction. Therefore, it is important to use symmetric struc-
tures as much as possible.

III. RESULTS AND VALIDATION
Following the finalization of the design, the antenna fabrica-
tion process was carried out. The spiral arms and balun were
fabricated using PCB technology. A square hole with a side
length of 1.6 mm was created in the center of the antenna
substrate to allow the balun to pass through and connect to
the arms. The aluminum body of the antenna was constructed
using a CNC machine. As shown in FIGURE 1(b), this uni-
fied body consists of a cavity and a balun holder. On one side
of the holder, a hole was created to facilitate the mounting
of the connector on the balun and screwing the balun onto
the holder. The absorber was cut to a suitable size and a
hole was made in its center for the balun to pass through.
The absorber was then connected to the aluminum body
using glue. Finally, the arms of the antenna were soldered to
the copper strips of the balun, and an SMA connector was
mounted. FIGURE 2(a) shows the disassembled components
of the antenna, and FIGURE 2(b) illustrates the antenna after
assembly.
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FIGURE 4. Simulated and measured radiation patterns of the absolute
field at different frequencies.

FIGURE 5. Simulated co-polarization (right-handed) and
cross-polarization (left-handed) at different frequencies.

The S11 of the antenna was measured using a VNA in the
frequency range of 1-18 GHz, and the results are presented
in FIGURE 3. As observed, both the measurement results and

TABLE 2. Measured values of HPBW and F/B.

FIGURE 6. Simulated and measured AR.

FIGURE 7. Simulated (a) PCO and (b) PCV versus frequency.

simulation indicate an S11 below −10 dB in the frequency
range of 1.25 GHz to the end of the band, confirming proper
wideband matching of the antenna in an ultrawideband. The
slight discrepancies between simulation and measurement
results for S11 are primarily due to mechanical assembly and
fabrication inaccuracies, as well as the differences between
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TABLE 3. Comparison between the proposed antenna and stable phase center antennas reported in the literature.

FIGURE 8. Simulated and measured realized gain.

the idealized simulation environment and the actual measure-
ment conditions.

The radiation characteristics of the antenna were tested
in an anechoic chamber room in the frequency range of
1.25 to 18 GHz (where S11 is below -10 dB), as shown
in FIGURE 2(c). FIGURE 4 presents the absolute radia-
tion patterns of the antenna at frequencies 2, 6, 10, 14, 16,
and 18GHz. The patterns on the broad side do not contain any
nulls. The measured values of the HPBW and front-to-back
ratio (F/B) at themeasured frequencies are listed in TABLE 2.
It is evident that the HPBW exceeds 60 degrees across the
entire bandwidth. It is important to note that a HPBW greater
than 60 degrees is desirable in DF applications. In addition,
FIGURE 5 shows the simulated right- and left-handed circu-
lar polarization (RCP and LCP) patterns, representing the co-
and cross-polarization patterns of the antenna, respectively.
The cross-polarized pattern is observed to be 10 dB lower
than the co-polarized pattern up to 16 GHz. This suggests
that a good axial ratio (AR) can be expected up to this
frequency.

FIGURE 6 presents the measured and simulated AR of the
antenna. Within the 2-16 GHz frequency band, both the sim-
ulated and measured results indicate AR values below 3 dB.
Furthermore, from 1.25 GHz to 18 GHz, the AR remains
below 4 dB, confirming the achievement of circular polar-
ization across this band.

In FIGURE 7(a), we present the variation of the PCO in
the x, y, and z directions. As shown in the figure, the PCO
changes are less than 4 mm along the x and y directions, and
less than 10 mm along the z direction across the entire BW
(1.25-18 GHz). The PCV is also shown in FIGURE 7(b),
demonstrating a low PCV of less than around 1 mm
which is equivalent to a high accuracy of the phase center.
It is important to note that due to the infeasibility of measur-
ing the phase center in the antenna chamber, we relied solely
on simulation results.

Additionally, FIGURE 8 depicts the simulated and mea-
sured realized gain of the antenna, showing good agreement.
The antenna gain varies between -4.5 dB (-7 dB) to 4.7 dB
in the frequency range of 2 GHz (1.25 GHz) to 18 GHz. It is
worth noting that the lower gain at lower frequencies is due to
the small dimensions of the antenna. The use of the absorber
in the antenna has also led to a reduction in gain. However,
as previously discussed, in the target application of this work
(DF based on phase comparison), the antenna gain is not
significantly important. It is also worth noting that the dis-
crepancy between simulated and measured gain values can be
attributed to inaccuracies in the measurement setup. As seen
in FIGURE 2(c), the antenna was installed on a significantly
large MDF fixture, which could have caused scattered fields
from the fixture, thereby leading to measurement errors.

By analyzing the results presented above, it can be
concluded that the objectives of this work have been
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successfully met. Not only were they achieved within the
desired frequency range of 2-12 GHz, but they were also
accomplished in a wider BW of 1.25-18 GHz.

Finally, TABLE 3 presents a comparison between our work
and previous studies that have reported on the stability of
the phase center in a wideband. This comparison highlights
the unique features of our antenna, including its compact
size, circular polarization, and excellent phase center stability
(PCO < 10 mm) and accuracy (PCV < 1.1 mm) across the
1.25-18 GHz BW. Notably, none of the antennas listed in the
table below exhibit this combination of features.

IV. CONCLUSION
In this article, we presented the design and fabrication of an
ultrawideband antenna with circular polarization and a highly
stable phase center for DF applications. The antenna is a
cavity backed log-spiral arms with an absorber placed behind

it to ensure phase center stability. Simulation results and mea-
surements demonstrate that the antenna exhibits impedance
matching from 1.25 to 18 GHz. Within this frequency band,
the antenna has also a phase center offset of less than 10 mm
in the direction of radiation and less than 4 mm in the
plane of the spiral arms. The PCV is also found to be less
than 1.11 mm. Furthermore, within the frequency band of
1.25 GHz to 16 GHz (18 GHz), the antenna achieves an AR
of less than 3 dB (4 dB). Finally, the measured gain ranges
from −4.5 dB to 4.7 dB in a 2-18 GHz BW.

APPENDIX
In this appendix, we present additional details and studies to
demonstrate the effect of different design parameters on the
antenna’s performance. FIGURE 9 shows the performance of
the antenna with and without the absorber material. It can be
observed that adding the absorber to the bottom of the cavity

FIGURE 9. Antenna performance with and without employing the absorber on the bottom of the cavity: S11 (a), PCO variations in x (b), y (c), and z
(d) directions, AR (e), and gain (f).

FIGURE 10. Antenna performance for different values of the cavity height (the values of other design parameter were kept fixed as given in TABLE 1):
S11 (a), PCO variations in x (b), y (c), and z (d) directions, AR (e), and gain (f).
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FIGURE 11. Antenna performance for different number of turns of the
antenna arms (the values of other design parameter were kept fixed as
given in TABLE 1): PCO variations in x (a), y (b), and z (c) directions,
AR (d), and gain (e).

not only expands the bandwidth but also stabilizes the PCO,
though it slightly reduces the gain.

We also examine the impact of two parameters: the
height of the cavity (HC ) and the number of turns of the
antenna arms (N ). The results of these studies are shown
in FIGURES 10 and 11, respectively. FIGURE 10(a) illus-
trates that HC significantly affects the impedancematching of
the antenna. For optimal matching within the frequency band
of interest, HC should be around 9 mm. FIGURES 10(b)-(d)
show that the PCO variation is consistent for HC values
of 9, 9.25, and 10 mm. However, FIGURES 10(e) and (f)
demonstrate that the AR and gain are more desirable when
HC is set to 9.25 mm. Furthermore, FIGURE 11(c) indicates
that the optimal value of N, which is 5.6, provides better
PCO variation in the z-direction, while other parameters
(PCO variation in other directions, AR, and gain) do not show
significant changes for different values of N between 4 to 6.
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