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Abstract: A crossed bow-tie antenna design for S- and C-Band (2.44–7.62 GHz) with a peak gain of
7.29 dBi is presented to achieve wideband radiation efficiency greater than 90% and circular polariza-
tion with a single feed point. The polarization of the antenna is modeled by the input admittance of
crossed bow-ties, and the model predictions are validated by experiments. A wideband matching net-
work is designed to be tightly integrated with the antenna and produce a 103% impedance bandwidth.
The matching network is decomposed into an equivalent circuit model, and an analysis is presented
to demonstrate the principles of the matching network design. A prototype of the optimized antenna
design is fabricated and measured to validate the analysis.

Keywords: ultra-wideband antennas; dipole antennas; satellite antennas; impedance matching

1. Introduction

With the ongoing miniaturization of electronic components, the capabilities of com-
pact wireless communication systems are increasing. In the realm of small, uncrewed
aircraft and satellites, a low size, weight, power, and cost (SWaP-C) vehicle is capable of
increasingly ambitious missions. Furthermore, the supporting electronics for software-
defined radio systems (SDRs) are easily integrated into a CubeSat SWaP-C package in
modern systems [1]. These radio systems enable a wide range of applications including
high-throughput data links [2,3], precision navigation and timing [4], and earth remote
sensing [5] using commercial off-the-shelf (COTS) components, thus reducing the time and
cost typically associated with custom radio frequency front ends. The listed applications
are leveraging the wide instantaneous bandwidth, adjustable frequency tuning, and flexible
processing that SDR architectures provide.

Software-reconfigurable front ends require multi-functional antennas in the same low-
SWaP-C character of CubeSat platforms. A variety of solutions for low-volume antennas
that meet these requirements have been developed [6,7], which are adapting canonical
antenna designs to be compatible with low-SWaP-C platforms. Some of the broadband
antenna designs being adapted include spiral antennas [8,9], tightly coupled dipole ar-
rays [10–13], and bow-tie antennas [14–20].

The bow-tie antenna has advantageous characteristics of a very wide operating band-
width, consistent radiation patterns, and a planar low-profile form factor that does not
require deployment mechanisms. Circular polarization is also critical for satellite-based
systems due to the unpredictable orientation of the antenna. It is common to implement
orthogonal linearly polarized antennas fed in quadrature to synthesize circular polariza-
tion [14,16]. However, this requires hybrid couplers or separate transceivers for each
polarization, which inevitably increases the size and complexity of the design. In [21], we
introduced a design to achieve circular polarization with a single feed, and in [22], we
improved the bandwidth with an integrated matching network. Here, we expand those
works with theoretical background forming the basis for the circular polarization, and far-
field radiation measurements. The detailed design, matching network–equivalent circuit

Electronics 2024, 13, 3323. https://doi.org/10.3390/electronics13163323 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics13163323
https://doi.org/10.3390/electronics13163323
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0009-0003-1881-5910
https://orcid.org/0000-0002-8657-937X
https://doi.org/10.3390/electronics13163323
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13163323?type=check_update&version=2


Electronics 2024, 13, 3323 2 of 10

analysis, and optimization process are also presented here. The primary contributions of
this work are the following:

1. A design for a circularly polarized, wideband 2.44–7.62 GHz S- and C-Band antenna
that does not require hybrid couplers or multiple feeds;

2. Analytical solutions to the input admittance of the antenna that can be used to adapt
the design without time-consuming full-wave simulations and optimization;

3. An integrated matching network design to improve the bandwidth of the antenna;
4. An equivalent circuit model of the proposed matching network that can expedite the

design of similar matching networks prior to full-wave simulation.

The remainder of this paper is organized as follows: Section 2 describes the theoretical
basis for the antenna and matching network design, as well as methods used for optimizing
the design. Section 3 contains results from a fabricated prototype of the optimized design,
used to evaluate the validity of the models developed in Section 2. In Section 4, conclusions
are drawn from the design and experiments.

2. Materials and Methods

The bow-tie antenna is a realization of the conical dipole antenna. An infinite model
of the dipole may be analyzed as a tapered waveguide that supports infinite modes and
is thus frequency-independent [23]. However, in finite realizations such as the bow-tie
antenna, reflections from the termination of the dipole arms disrupt the fundamental mode
and excite higher-order modes. These higher-order modes have an undesirable radiation
pattern and higher radiation resistance, and thus limit the efficiency and bandwidth.

2.1. Polarization Mechanism

The analytical model of the finite tapered dipole presented in [23,24] is a tapered trans-
mission line terminated with a load equivalent to the radiation resistance. The transmission
line’s characteristic impedance is based on the taper angle, α, as shown in Figure 1a.
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Figure 1. (a) TEM mode supported by the tapered transmission line formed in the bow-tie antenna.
(b) Geometric parameters for analyzing the input impedance of the bow-tie antenna model. The
darker shade of orange represents metallization on the top side of a dielectric substrate and the lighter
shade represents metallization on the bottom side.

The input impedance of the tapered bow-tie can be computed analytically using the
methods presented in [25]. To produce circularly polarized radiation, we implement two
orthogonally oriented crossed bow-ties as shown in Figure 1b. The feed is connected to
these bow-ties in parallel, so we will analyze their complex input admittances, Yx and Yy.
Perfectly circular radiated fields occur when the vertical and horizontal electric field com-
ponents are equal in magnitude but 90 degrees out of phase. In terms of input admittance,
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Gx = Gy (1)

sign Bx = − sign By (2)

are the conditions for circularly polarized radiation from the crossed bow-ties, where Gx
and Gy are the conductance, and Bx and By are the susceptance of the horizontal and
vertical bow-ties, respectively.

There are two geometric parameters that control the input admittance of the dipoles.
First is the flare length a, which is normalized to the wave number/propagation constant
k = 2π

λ and analyzed as the product ka. Second is the flare angle α, which determines the
characteristic impedance [25]:

Z0 = 60 ln cot
α

2
. (3)

For an infinite bow-tie antenna, the input impedance is frequency-independent and
equal to the characteristic impedance. However, the finite length of the bow-tie arms causes
the input impedance to vary with frequency. The characteristic impedance is equal to the
input impedance at the center frequency of the designed operating band, fc (5 GHz in
the design presented here). In Figure 2, the input impedance is calculated as a function
of frequency normalized to the center frequency, i.e., f

fc
. The optimized crossed bow-tie

design presented in this paper has the parameters kax = 0.22, kay = 0.19, αx = 17.1◦,
and αy = 12.0◦. These parameters give the basic dimensions of the bow-tie elements,
as shown in Figure 1b. The radiation polarization characteristics are primarily determined
by these dimensions. In the later sections, we will add a matching network to improve
the impedance match to a 50 ohm coaxial line, but the radiating element dimensions will
remain unchanged.

The results shown in Figure 2 suggest ideal circular polarization at 0.77 fc and inversion
of the rotational sense at 1.1 fc. At the frequency where circular sense is switched, we expect
a local maximum in S11. These results will be confirmed by experimental data from the
prototype antenna fabricated in this work.

Figure 2. Input admittance of two crossed dipoles with kax = 0.22, kay = 0.19, αx = 17.1◦,
and αy = 12.0◦.
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2.2. Optimization

The first iteration of the antenna design did not have a matching network, as shown
in Figure 1b. The simulated input impedance of this design showed that the antenna
input was not well matched to a 50 Ohm coaxial feed line. This initial result set is shown
as the ‘Antenna 1’ plot in Figure 3. To improve the impedance matching, a matching
network was designed and added. The matching network consists of printed circuit
elements to improve the ease of manufacturing and maintain the low cost of the antenna.
The primary mismatch contribution is from the capacitance of the bow-tie arms; thus,
the matching network is made of two pairs of printed loop inductors. An equivalent circuit
model is shown in Figure 4 alongside the printed elements used to represent the lumped
circuit elements.

There are three parameters shown in the Figure 4 matching network schematic to
tune for impedance matching: inductor radius (R), capacitive gap (G), and transmission
line length (L). To obtain uni-directional radiation, the bow-tie antenna is placed above
a ground plane, which also affects the input impedance of the antenna. Therefore, we
must include the air gap height as a parameter to be optimized with the matching network.
To optimize the matching network for wideband operation, we use a cost function of the
simulated S11:

cost = avg(S11) + max(S11). (4)

The independent variable in (4) is the frequency evaluated by the solver. For this
optimization, we used the FEM solver in Ansys HFSS 2024 R2 and evaluated 51 frequency
points from 3–8 GHz. Test parameter sets for each iteration were produced using the HFSS
Multi-Objective Genetic Algorithm, with the objective of minimizing the cost function (4).
At the end of the optimization process, the impedance match is improved, as indicated
by S11 being less than −10 dB continuously from 2.25 to 8 GHz in the ‘Antenna 2’ plot in
Figure 3. Additionally, the radiation efficiency is on average 0.935 and always greater than
0.9 across the band.

Figure 3. Simulated S11 results of initial design (antenna 1) compared to that of optimized design
(antenna 2).
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(a) (b)

Figure 4. (a) The optimized matching network consists of an inductor radius (R), a capacitor gap (G),
a transmission line length (L), and a transmission line width (W). (b) The equivalent circuit of the
matching network.

An equivalent circuit model of the matching network and antenna is shown in Figure 4.
To validate this model, we use an analytical calculation of the input impedance from simu-
lated S-parameters of the unmatched antenna and lumped circuit elements. The calcula-
tion is performed using a subnetwork growth algorithm [26] implemented using scikit-rf
v1.2.0 [27]. We aimed to extract lumped element values that approximate those of the
printed circuit elements in the matching network. This is accomplished by calculating the
input impedance of the equivalent circuit model and comparing it to the input impedance
of the full wave simulation of the antenna with the matching network. The lumped element
values are obtained using gradient descent optimization to minimize |Zeq − Z f w|, where
Zeq is the equivalent circuit input impedance, Z f w is the full wave input impedance from
HFSS, and | · | is the 1-norm of the vector of impedance values at all sampled frequency
points. A finite difference approximation of the gradient is used in the optimization.

The results of the equivalent circuit model extraction in Figure 5 show good agreement
with the measured results above 4 GHz. With the longer wavelength at frequencies below
4 GHz, there is more interaction between the fields of the antenna elements and the fields
of the printed circuit elements. In the equivalent circuit model, the antenna elements
and circuit elements are modeled as lumped impedances, and any interactions between
the fields are not evaluated. The divergence of the results below 4 GHz indicates that
there is interaction between the fields of the antenna elements and matching network
lumped elements, and the input impedance is affected in a way that is not modeled by the
equivalent circuit model.

The extracted equivalent circuit parameters are 7.49 nH for the inductor loops and
66.43 fF for the capacitive gaps. The close agreement of these results indicate that this
method of equivalent circuit modeling for this matching network design could be used to
generate starting design parameters for full-wave simulation optimization that are closer to
the optimal. This approach could reduce the optimization time for the full-wave simulation
portion of the process.

After full-wave simulation optimization using HFSS, as previously described, the op-
timized dimensions produced are shown in Figure 6a. The surface current density of
the optimized design is shown in Figure 7. The antenna is placed above a ground plane
to produce a directional radiation pattern. Additionally, the ground plane separates the
radiating elements of the antenna from the feeding network and other electronics. The
simulated −10 dB S11 bandwidth of this optimized design is from 2.25 GHz to 8 GHz,
yielding fc = 5.2 GHz. From this, we determine the parameters used in the admittance
calculation in Figure 2, kax = 0.22 and kay = 0.19. A prototype antenna was fabricated
using these dimensions, the analysis of which is presented in the following section.
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Figure 5. ‘Matched Real’ and ‘Matched Imaginary’ show the input impedance of the equivalent
circuit model with extracted values to match the full wave simulations from HFSS, which are plotted
as ‘Antenna 2 Real’ and ‘Antenna 2 Imaginary’.
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Figure 6. (a) Dimensions of the optimized antenna with matching network. (b) Photograph of the
fabricated prototype antenna, including the antenna PCB, foam spacers, coaxial feed, and microstrip
feed line to the SMA connector.
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Figure 7. Surface current distribution at 5 GHz for the optimized antenna 2 design with a printed
matching network.

3. Results and Discussion

A photograph of the fabricated antenna is shown in Figure 6a. The antenna and feeding
microstrip to the SMA transition were printed on separate FR4 PCBs. The purpose of the
microstrip feed board is to demonstrate a pathway to incorporating this antenna design into
array configurations with an integrated feed network. The microstrip ground plane serves
a dual purpose as the ground reflector for the antenna. In this prototype, the microstrip
simply serves as a transition from the edge launch SMA connector to the semi-rigid coaxial
cable. The inner conductor of the coaxial cable is soldered to the microstrip, and the outer
conductor is soldered to the ground plane on the opposite side. On the antenna side,
the inner conductor is attached to the top layer’s bow-tie, arm and the outer conductor is
attached to the bottom layer’s bow-tie arm, as shown in Figure 6a. Both PCBs are fabricated
using 1.5 mm thick substrate.

The S11 of the prototype antenna was measured with a Keysight FieldFox VNA from
2 GHz to 8 GHz and plotted against simulation results in Figure 8a. The results are in good
agreement with the simulation and are less than −10 dB from 2.44 GHz to 7.62 GHz for
an impedance bandwidth of 103%. As predicted using the calculated admittances shown
in Figure 2, there is a local maximum in the S11 curve slightly above fc. The analytical
admittance calculations shown in Figure 2 do not account for the effects of the matching
network and only represent the admittance of the bow-tie elements.
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Figure 8. (a) The simulated and measured S11 of the optimized antenna design compared to the
simulated S11 of antenna 1. The −10 dB reference line for S11 is plotted in green. (b) The measured
axial ratio of the prototype antenna.
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The radiation patterns of the prototype were measured using the Colorado School
of Mines anechoic chamber following the procedures described in [28]. The axial ratio is
computed from the ratio of the semi-major and semi-minor axes of the polarization ellipse.
Normalized radiation patterns collected at 3 GHz, 4 GHz, and 5 GHz are shown in Figure 9
and compared to the simulated radiation patterns. We observed good agreement between
the simulated and measured patterns. The peak measured gain of the prototype antenna
was 7.29 dBi. Additionally, the difference between two circular senses was larger for 3 GHz
and 4 GHz compared to 5 GHz and is also confirmed in the axial ratio measurement shown
in Figure 8b. This agrees with the predicted characteristics from the analytical calculation
of the crossed bow-tie admittance: (1) better circular polarization at approximately 0.77 fc,
(2) relatively poor circular polarization at approximately 1.1 fc, and (3) circular sense of the
polarization is reversed above 1.1 fc. The key results of the design proposed in this work
are compared against similar designs in recently published literature in Table 1.
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Figure 9. Measured and simulated normalized radiation patterns at (a) 3 GHz, (b) 4 GHz,
and (c) 5 GHz.

Table 1. Key results of the proposed design compared with similar works.

Ref. Freq. Range Impedance BW Polarization Peak Gain

This Work 2.44–7.62 GHz 103% Circular, one feed 7.29 dBi
[15] 3.1–5.0 GHz 47% Dual, two feeds 7.5 dBi
[16] 2.21–6.06 GHz 93% Circular, one feed 8.6 dBi
[17] 1.0–6.0 GHz 143% Linear, balun feed NA 1

[18] 2.64–3.60 GHz 31% Linear, balun feed 7.4 dBi
[19] 0.32–0.93 GHz 98% Linear, single feed 9.3 dBi
[20] 0.25–0.85 GHz 109% Linear, balun feed 4 dBi

1 Peak gain not provided

4. Conclusions

The crossed bow-tie antenna with 103% impedance bandwidth for S- and C-band
(2.44–7.62 GHz) was presented, and prototype results are shown to confirm the effective-
ness of the design approach. A peak measured gain of 7.29 dBi is achieved with an average
radiation efficiency of 0.935 across the operating bandwidth. Analytical solutions to the
bow-tie admittance are shown to be an effective method of predicting the antenna charac-
teristics. In future adaptations, the admittance calculation could be used to optimize the
design for a given application prior to full-wave electromagnetic simulations. The ratio
between the lengths of the two crossed bow-ties, which were evaluated by admittance
analysis, may be adjusted to control the circular polarization frequency characteristics.
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Additionally, a matching network design and accompanying equivalent circuit model
is presented, which effectively improves the impedance matching bandwidth of the de-
signed antenna. The matching network is realized by printed inductors and a capacitor
adjacent to the antenna structure, thus eliminating the need for external matching compo-
nents. The equivalent circuit model provides a method to generate approximate values
for the circuit elements required for matching prior to the final tuning of the geometry in
full-wave simulation models.
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