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Optimal Design of a Ku/Ka-Band Wide-Flare-Angle Corrugated
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Abstract—A novel wide-flare-angle corrugated horn covering the full Ku/Ka satellite communication
frequency bands is designed and optimized. In order to satisfy the rigorous bandwidth requirements,
a spline-profiled smooth section and a corrugated section with ring-loaded slots are introduced into
the wide-flare-angle horn design. Instead of the “trial-and-error” method, the Differential Evolution
(DE) algorithm is employed to obtain the optimum dimensions of the proposed horn. A prototype of
the optimized horn is constructed and measured. Both simulated and measured results show that the
proposed horn has good radiation and impedance performance. The performance of the horn is also
demonstrated as a feed in a typical dual-reflector antenna. Simulation results show that the overall
antenna system meets the usual performance requirements.

1. INTRODUCTION

The wide-flare-angle corrugated horn originally proposed by Kay in 1966 [1] has found wide applications
in reflector antenna systems. As shown in Figure 1(a), the horn structure proposed by Kay consists
of a linear smooth section and a conventional corrugated section. Both experiment and simulation
results show that such a feed can achieve satisfactory performance in a frequency range of 1.6 : 1. Some
improved versions of the wide-flare-angle horn for dual-band or wide-band operations are also available
in the literature, e.g., [2-6]. Among these designs, the ratio of the maximum to the minimum operation
frequencies is no more than 1.9 : 1.

To meet the general specifications provided by a potential client, we investigate the possibility of
designing a wide-flare-angle corrugated horn covering the full Ku/Ka satellite communication frequency
bands [7, 8]:

e Ku receive frequency band: 10.70-12.75 GHz.

e Ku transmit frequency band: 13.75-14.50 GHz.

e Ka receive frequency band: 20.20-21.20 GHz (military); 19.20-20.20 GHz (commercial).
e Ka transmit frequency band: 30.00-31.00 GHz (military); 29.00-30.00 GHz (commercial).

Using the relative bandwidth concept, the full Ku/Ka bands represent a nearly 2.9 : 1 bandwidth
ratio. It is a significant bandwidth for traditional corrugated horns hard to achieve. Most of the
Ku/Ka-band feed horns presented in the literature have a coaxial configuration, and none of them can
cover the full Ku/Ka bands [7, 8]. To satisfy the bandwidth requirements, some improvements are made
on the conventional wide-flare-angle horn structure and the newly proposed horn structure is shown
in Figure 1(b). This structure evolves from two horn design principles, i.e., adopting a spline profiled
smooth section and a corrugated section with ring-loaded slots. The spline-profiled section provides a
smooth transition from the circular waveguide to the corrugated section in a much wider bandwidth
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Figure 1. Geometries of (a) the wide-flare-angle horn structure proposed by Kay and (b) the newly
proposed horn structure.

than a linear smooth section. The corrugated section employs ring-loaded slots instead of conventional
slots to obtain wider operation bandwidth. It is worth noting that although these two techniques have
already been used in narrow-flare-angle horn designs their application in wide-flare-angle horn designs
has rarely been investigated.

While the proposed horn structure is expected to have much better wideband performance,
preliminary investigations show that it is not an easy task to obtain satisfactory performance by using
the traditional “trial-and-error” method due to the complexity of the horn structure and the rigorous
bandwidth requirements. Fortunately, with the advent of computer technology, accurate analysis
methods and efficient optimization algorithms, it is now possible to design horns by an automatic
optimization process [9-11].

This paper presents the design and optimization of a wide-flare-angle horn covering the full Ku/Ka
bands by using the DE algorithm [12]. The optimized horn has satisfactory radiation and impedance
performance over the operating bands, which validates the effectiveness of the design method and
the superiority of the proposed horn structure. It should be mentioned that, to the best of our
knowledge, the optimized horn is the first wide-flare-angle corrugated horn covering the full Ku/Ka
satellite communication bands (representing a nearly 2.9 : 1 bandwidth ratio) reported in the literature
and this is the first time the DE algorithm is applied to a corrugated horn optimization problem.

2. CORRUGATED HORN OPTIMIZATION

In performing the horn design, we proceed with the following targets in mind:
1) Ku/Ka-band frequency coverage;

2) The horn would be used as a feed for a ring-focus reflector antenna where the half-subtended angle
from the focus to the edge of the sub-reflector is 37°;

3) A Gaussian-like radiation pattern with the edge taper at 37° within the range of 9-16 dB.

In the optimization, the dimensions of the proposed horn are mathematically represented as the
following vector
X = [LS,Ri,tj,wj,bj,hj,dj], ’i:172,3 and j:1,2,3,4 (1)

where Lg is the length of the spline-profiled smooth section; R.s represent the radii of the equally
spaced control points on the smooth section; t;, w;, b;, hj, d; are the dimensions of the ring-loaded slots.
During the optimization, five parameters for each individual ring-loaded slot are regarded as independent
parameters to be optimized, providing large degrees of freedom for versatile and complicated designs.
Thus, there are totally 24 variables to be optimized. To facilitate the optimization process, a joint
program of MATLAB and CHAMP [13] is developed, where the optimization algorithm is implemented
in MATLAB and the analysis of the horn is achieved by CHAMP. This joint program can be conveniently
applied to the optimization of various corrugated horn structures by employing some commonly used
optimizers. In the horn optimization, it is desired to minimize the difference between the F- and H-
plane patterns subject to specified constraints on the edge tapers, the reflection coefficients, and the
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maximum cross-polarization levels. Thus the problem can be formulated as the following constrained
optimization problem:
Minimize
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In Eq. (2), Pp(X, fn,0) and Pg(X, f,,0) are respectively the E- and H-plane patterns at the
frequency point f,,. Ny is the number of angles sampled in the interval [0, Oynax] within which we require
a near circularly symmetric pattern. XP(X, f,), RL(X, f,) and ET(X, f,,) are the maximum cross-
polarization level, reflection coefficient and edge taper at the frequency point f,,, respectively. X Pax
and RLpy .y are the allowed maximum cross-polarization level and reflection coefficient specified by the
designer. ET,.x and ET,;, are the required maximum and minimum edge tapers over the operating
bands.

To efficiently manage the constraints during the optimization, the constraint handling technique
described in [14] is used. When two solutions X; and X; are compared, X; is regarded as superior to
X under the following conditions:

1) X; is feasible and X is infeasible.

2) Both X; and X are feasible and X; has a smaller objective value (in a minimization problem) than
X;.

3) Both X; and X; are infeasible, but X; has a smaller overall constraint violation V' (X;) computed
by using

Z w;g; (X)

VX) ===
2w
=1

where w; = 1/Gj is the weight parameter, G; the maximum violation of constraint g;(X) in the combined
population, and m the number of constraints. For the DE algorithm, the following parameters are used:
scaling factor F' = 0.5, crossover rate C R = 0.9, population size NP = 40, and the maximum number
of generations is set to be 150. In the objective and constraint functions XPax, RLlmax, ETmin, FT max
and Opax are set to be —25dB, —25dB, 9dB, 17dB and 37°, respectively. The optimization process
is executed automatically until the maximum generation is reached, and an optimum solution with
satisfactory performance has been obtained. Each simulation run of CHAMP takes approximately
25seconds on a dual core 2 GB RAM computer. The total execution time of the optimization process
is about 41hours. The optimized values of Ly, L., and Ry, are 20.0mm, 13.7mm, and 27.0 mm,
respectively.

(3)

3. SIMULATED AND MEASURED RESULTS

Figure 2 shows a fabricated prototype of the optimized horn. The simulated and measured radiation
patterns over the full Ku/Ka bands for the horn are shown in Figure 3. It can be seen that good
agreement is obtained between the simulated and measured patterns. The horn has nearly circularly
symmetric radiation patterns over the operating bands, and almost all the edge tapers meet the
requirements. These results indicate that the overall radiation performance of the proposed horn is
very promising, considering the nearly 2.9 : 1 operating bandwidth ratio.
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Figure 2. A fabricated prototype of the optimized horn. (a) Top view. (b) Side View.

The simulated and measured VSWR results for the optimized horn are shown in Figure 4. In the
operating bands, the simulated and measured VSWRs are lower than 1.13 and 1.16, respectively. The
measured VSWR results are obtained by three independent measurements in the Ku band, the Ka
receive band, and the Ka transmit band, respectively. Although there are some distortions between
the simulated and measured VSWRs in the Ku band and the Ka receive band, they are within the
reasonable range. Moreover, the measured VSWR results can fully meet our system requirements.
Figure 5 shows the measured and simulated on-axis gains of the optimized horn. It can be seen that
the measured gains of the horn agree well with the simulations and are within the range of 12.8 dBi to
15.5 dBi over the operating bands.

The simulated and measured maximum cross-polarization levels in the 45° plane versus frequency
are plotted in Figure 6. The measured maximum cross-polarization levels are more than 30.1 dB and
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Figure 3. Simulated and measured radiation patterns of the optimized horn, (a) Ku receive band, (b)
Ku transmit band, (c) Ka receive and transmit bands.

22.3 dB below the main beam level in the Ku and Ka band, respectively. In satellite communications,
the frequency reuse using polarization diversity is mainly affected by the cross-polarization levels within

the 1-dB beam width of the reflector antenna.

As the 1-dB beam width of the reflector antenna is

narrow, the relative higher off-axis cross-polarization levels of the horn will not affect the frequency
reuse using polarization diversity.
To demonstrate the performance of the optimized horn as a feed for a dual-reflector antenna, we
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Figure 6. Simulated and measured maximum cross-polarization levels in the 45° plane.

Table 1. Performance of the 2.4-m ring-focus dual-reflector antenna.

Frequency (GHz) | Gain (dB) | Efficiency (%) | PSLL (dB) | Xpol-Iso (dB)
10.70 46.95 68.5 —20.44 —62.18
11.20 47.48 70.6 —20.32 —61.34
11.70 47.82 70.0 —19.25 —69.41
12.25 48.21 69.9 —19.00 —60.33
12.50 48.38 69.7 —19.58 —57.48
12.75 48.53 69.5 —19.71 —56.77
13.75 49.19 69.4 —19.73 —55.06
14.00 49.33 69.2 —19.24 —52.90
14.25 49.48 69.2 —19.04 —51.76
14.50 49.70 70.3 —19.31 —51.47
19.20 52.18 70.9 —18.93 —60.17
20.20 92.57 70.1 —18.04 —59.80
21.20 53.00 70.3 —17.78 —61.71
29.00 56.02 75.3 —16.81 —49.95
30.00 56.31 75.2 —17.02 —46.42
31.00 56.61 75.5 —16.93 —51.12

use a 2.4-m diameter shaped ring-focus reflector antenna. In accordance with the horn design, the half-
subtended angle to the subreflector is 37°. The reflector antenna is simulated by using GRASP [15] and
a summary of the performance, including the antenna gain, efficiency, peak sidelobei level (PSLL) and
the cross-polarization isolation (Xpol-Iso), is given in Table 1. The cross-polarization isolation given
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in the table is the maximum cross-polarization isolation within the 1-dB beam width of the reflector
antenna. In practice, an isolation of better than 30dB is required in the transmit band and the results
shows that such a requirement would be met by this antenna.

4. CONCLUSION

A novel Ku/Ka-band wide-flare-angle corrugated horn feed consisting of a spline-profiled smooth section
and four ring-loaded slots has been designed and optimized by the DE algorithm. The horn has
achieved good radiation and impedance performance and is very promising in Ku/Ka-band reflector
antenna systems. The design results demonstrate the superiority of the proposed horn structure and
the effectiveness of the DE-based design method. In addition, the simulated results indicate that the
proposed wide-flare-angle horn structure is also prospective to continuously operate over a nearly 2.9 : 1
bandwidth, which is very attractive in radio astronomy and electronic warfare systems and will be
investigated in our future work.
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