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Unitary Horn Antenna

Technical Field

The present invention relates, in general terms, to a unitary horn antenna, and

also relates to methods of manufacturing and designing the horn antenna.

Background

In satellite communications, reflector antennas are prevalent for their ease of
fabrication and reliability. To obtain flexible operating bands, high gain, and
beam equalization, corrugated horns are preferred as the feed antenna. As for
the fabrication process, the manufacture of common horn antennas and their
feeding structures is through machine tools. Since integrated fabrication is
hardly feasible, assembly and fixing are necessary. Alignment and stability are
guaranteed through flanges with screw holes, which results in a bulky size.
Simple horn antennas are carved out of a metallic puck through a milling
machine. If the internal wall has an intricate pattern, the inner and outer parts
of the horn are fabricated separately. When the configuration becomes more

complex, the antenna is halved into two parts.

Traditional methods based on machine tools are divided into three types: a) the
horn is directly carved out of a metallic puck through a milling machine, as seen
in Figure 1(a). This method applies to simple structures. It is reliable due to
mature machining technology. However, during the milling process,
considerable material is wasted. b) If the internal wall has an intricate pattern,
the inner and outer parts of the horn are fabricated separately, as seen in Figure
1(b). Consequently, the assembly process is complicated. The stability of the
structure is also questionable. ¢) When the structure becomes more complex,
the horn is halved into two identical parts from the symmetrical plane to
facilitate fabrication, as seen in Figure 1(c). The two parts are then aligned and
fixed together through flanges with screw holes. This approach wastes lots of
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material for alignment and assembly. It has a bulky size, large weight, and
stability problems. As for OMTs, the fabrication process is similar to the method

¢) for horns shown in Figure 1(c).

The corrugated horn and OMT could be devised by analytical methods. But for
compact and irregular configurations, a more versatile approach is iterative
optimization with initial values derived by theory and experience. Optimizer-
based design methods gain increasing attention in electronic engineering.
Recently, a novel nature-inspired algorithm, the grey wolf optimizer (GWO), was
introduced to antenna design and array synthesis. Due to its concise framework
and excellent performance, the GWO has been adopted in diverse fields.
However, for electromagnetic design problems, studies in this optimizer are
insufficient. Exclusive modifications on the GWO are demanded to reduce

simulation cost and accelerate convergence.

It would be desirable to overcome or at least one of the above-described

problems, or at least to provide a useful alternative.

Summary

Disclosed herein is a unitary device comprising a horn antenna disposed about
a horn axis and having an engineered inner surface; and an integrated
orthomode transducer comprising a waveguide transition and at least two
separate waveguides each having an internal surface, the waveguide transition
connecting the at least two separate waveguides to the antenna, wherein the
orthogonal transducer is adapted to couple at least two orthogonal linear
polarized fields from the at least two separate waveguides into the waveguide
transition for transmission by the antenna, and/or decouple at least two
orthogonal linear polarized fields received by the waveguide transition from the
antenna into respective ones of the at least two separate waveguides.
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In some embodiments, the inner surface of the horn antenna is designed

according to a broad class of optimisation algorithms.

In some embodiments, the internal surface of at least one of the at least two
separate waveguides is designed according to a broad class of optimisation
algorithms.

In some embodiments, the horn antenna has a circular cross-section.

In some embodiments, the horn antenna has a square cross-section.

In some embodiments, the horn antenna is adapted to support two or more
waveguide modes corresponding to the at least two orthogonal linear polarized
fields.

In some embodiments, the horn antenna operates in 12.25-12.75 GHz and 14-
14.5 GHz.

In some embodiments, the waveguide transition is a quasi-elliptical waveguide

transition connecting a rectangular and a circular waveguide.

In some embodiments, the inner surface of the horn antenna comprises a
plurality of ridges, each ridge having a horizontal ridge width, being oriented
parallel to the horn axis, with the ridge being located at slots along the inner
surface of the horn antenna, each slot having a vertical slot height, and a

horizontal slot width, being oriented parallel to the horn axis.

In some embodiments, the horn antenna has a flare angle being the angle
between a line drawn parallel to the horn axis and a line passing through a top
surface of adjacent ones of said ridges.
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In some embodiments, the unitary device according is formed from at least one
of a metal material and a plastic material.

In some embodiments, the waveguide transition tapers away from the horn

antenna.

In some embodiments, the at least one of the at least two of the separate

waveguides has a rectangular cross-section.

In some embodiments, the at least one of the at least two of the separate

waveguides has a circular cross-section.

In some embodiments, the at least one of the at least two of the separate

waveguides has a waveguide axis at a non-zero angle to the horn axis.

In some embodiments, a length of the at least one of the at least two of the
separate waveguides is formed from a sequence of sections, each section having
a length, width and height, and varying from each adjacent said section in the

sequence, in at least one of the length, width and height.

Disclosed herein is an antenna assembly, comprising a unitary device; a
perforated reflector; and a platform for stabilizing the utility device and the
perforated reflector, wherein the horn antenna of the unitary device functions
as the feed for the perforated reflector, and a phase center of the horn antenna

of the unitary device is at a focus of the perforated reflector.

Disclosed herein is a manufacturing method for manufacturing the antenna
assembly according to 17, comprising manufacturing at least one of the unitary
device, the perforated reflector, and the platform using three-dimensional

printing technology.
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Disclosed herein is a manufacturing method for manufacturing the unitary
device according, comprising manufacturing the unitary device in at least two

separate blocks.

In some embodiments, the manufacturing method further comprises at least
one of manufacturing each part of the at least two separate blocks as one or
more of external protrusions, holes and partially holes; and providing alignment
pins and threaded holes on the at least two separate blocks to facilitate

assembly.

Disclosed herein is a method of designing the horn antenna or the separate
waveguides of the orthomode transducer based on grey wolf optimizer,
comprising generating initialization population in a pre-defined solution space;
calculating a fitness value of each grey wolf in the initialization population
according to a pre-defined fitness function, each grey wolf defining a solution at
a position in the solution space; and repeatedly: selecting a predetermined
number of fithess values based on an ordering of fitness values from large to
small ("best fitness values"), and identifying and storing as X4, Xg, and Xs a
position of each best fitness value based on the respective grey wolf; updating
and storing position for each grey wolf according to one or more pre-defined
functions; and updating and storing the fitness value of each grey wolf in each
updated position according to the pre-defined fitness function; and outputting

X« when a predetermined maximum number of repetitions is reached.

In some embodiments, for each repetition of updating a position for each grey
wolf, the method further comprises comparing the updated position with each
position of a previous repetition, to determine whether or not to update the

fitness value with the updated position.
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In some embodiments, the fitness function for designing the horn antenna
according to any one of 1 to 7 is determined according to:
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in which B; (i=14) is the positive weighted coefficient indicating the importance
of each requirement, u(x) denotes step function, Si: max(m) is maximum Sii
parameter in dB in the m-th band, Bandwidthizas(i,j) and XPL(i,j) are the 12dB
beamwidth in degree and cross-polarization level in dB, respectively, in the j-th
plane at the j-th frequency, d« denotes the horizontal ridge width and the
horizontal slot width in mm, and dtar is size limitation of the horizontal ridge
width and the horizontal slot width.

In some embodiments, the fitness function for designing the horn antenna

according to any one of 1 to 7 is determined according to:

z !
B S
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in which D denotes a positive weighted coefficient, u(x) denotes step function,
S11 max(i) is maximum Sii1 parameter in dB in the operating band, ¢, denotes the
horizontal interval width for the n-th interval.

Brief description of the drawings

Embodiments of the present invention will now be described, by way of non-
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limiting example, with reference to the drawings in which:

Figure 1(a) shows an example horn that is directly carved out of a metallic puck
through a milling machine;

Figure 1(b) shows an example horn where the inner and outer parts are

fabricated separately;

Figure 1(c) shows an example horn that is halved into two identical parts from

the symmetrical plane to facilitate fabrication;

Figure 2(a) shows an example dielectric horn antenna;

Figure 2(b) and (2c¢) show an example plastic horn that is halved into two parts;

Figure 3(a) and 3(b) shows an example metallic horn and its OMT,;

Figure 4(a) through 4(e) illustrates an example unitary device comprising a horn

antenna and an integrated orthomode transducer comprising a waveguide

transition and at least two separate waveguides;

Figure 5(a) through(c) shows an example antenna assembly, comprising a
unitary device, a perforated reflector, and a platform;

Figure 6 llustrates an example optimization process for designing the
corrugated horn antenna or the separate waveguides of the orthomode

transducer based on grey wolf optimizer;

Figure 7 illustrates an optimization result using the optimization process in

Figure 5;

Figure 8(a) through(e) show the performance of the horn of Figure 5;
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Figure 9 illustrates the comparison between the original and modified encircling

coefficients;

Figure 10 illustrates an example optimization process for designing the
corrugated horn antenna or the separate waveguides of the orthomode

transducer based on grey wolf optimizer;

Figure 11 shows the comparison between GWO and MGWO based on Opt II in
Table 1V;

Figure 12(a) through(d) illustrates optimization results using the optimization
process in Figure 10 based on Opt I-IV in Table 1V;

Figure 13(a) illustrates comparison between GWO and MGWO based on Opt II

in Table IV regarding average achievable cost value after each iteration;

Figure 13(b) illustrates comparison between GWO and MGWO based on Opt II
in Table IV regarding average required iteration to achieve certain cost value;

Figure 14(a) and(b) illustrate fabricated integrated dual-band design horn

antenna H1 and wideband design antenna H2 with adaptors, respectively;

Figure 15(a) and(b) illustrate simulated and measured S parameters for dual-

band antenna H1 and wideband antenna H2, respectively; and

Figure 15(a) through(d) illustrates simulated and measured radiated patterns
for E-plane pattern at 12.5 GHz, H-plane pattern at 12.5 GHz, E-plane pattern
at 14.25 GHz, H-plane pattern at 14.25 GHz.
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Detailed description

The present disclosure relates to a unitary device comprising a compact light-
weighted dual-band dual-polarized horn antenna. The horn is adapted to work
with two orthogonal polarizations for receiving and transmitting, respectively.
The proposed antenna functions as a feed horn of a reflector for Ku-band
satellite communications. It will be appreciated that the antenna could work in
dual bands, for example 12.25-12.75 GHz and 14-14.5 GHz. The proposed
antenna is a dual-polarized antenna horn with an integrated orthomode
transducer orthomode transducer (OMT) presented for satellite
communications. The proposed OMT is applied as the feeding structure, and is
with a tilted branch which is integrated below the horn so that separate
fabrication and redundant structures are not needed. The integrated structure

increases its versatility and reliability in severe scenarios.

The proposed unitary device comprises an automatically designed all-integrated
three-dimensional (3D)-printed horn antenna. The configuration of the antenna
structure is compatible with direct 3D metal printing technology. An integrated
antenna structure suitable for direct printing is devised and validated. Material
waste caused by the auxiliary supports during printing is minimized. Assembly,
aligning, and fixtures are also unnecessary, resulting in compactness. Such an
antenna, albeit as an all-metal structure, has a light weight of 200 g. It will be
appreciated that this integrated antenna can be readily fabricated through a 3D
printer all in once. A corrugated horn can be adopted as the aperture antenna.
This type of horn is broadly used for its excellent beam equalization in E-, H-,

and diagonal planes, and a steady phase center.

Unless context dictates otherwise, as used herein the term “unitary” refers to
the device being fabricated as a single component or item. For example, A
“unitary device” will comprise the horn antenna and integrated OMT formed

together as a single component or item.
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Such a unitary device (100) is shown in Figure 4. Broadly, the unitary device
100 comprises:

a horn antenna (102) disposed about a horn axis and having an
engineered inner surface; and

an integrated OMT comprising a waveguide transition (106) and at least
two separate waveguides (108 and 110) each having an internal surface, the
waveguide transition 106 connecting the at least two separate waveguides 108
and 110 to the antenna 102, wherein the OMT 104 is adapted to couple at least
two orthogonal linear polarized fields from the at least two separate waveguides
into the waveguide transition for transmission by the antenna 102, and/or
decouple at least two orthogonal linear polarized fields received by the
waveguide transition from the antenna 102 into respective ones of the at least
two separate waveguides 108 and 110.

Figure 4(d) illustrates the structure of the horn 102. The corrugated horn 102
with four vertical slots (112) is chosen (see Figure 4(d)). In particular, the inner
surface of the horn antenna 102 comprises a plurality of ridges (114) (see Figure
2(d)), each ridge having a horizontal ridge width (i.e., d,, d3, ds, and d,), being
oriented parallel to the horn axis, with the ridge being located at slots 112 along
the inner surface of the horn antenna, each slot having a vertical slot height
(i.e., 4, 1, 5, and 1), and a horizontal slot width (i.e., d,, d,, dg, and dg), being
oriented parallel to the horn axis. The horn antenna 102 also has a flare angle
(i.e., ¢n) being the angle between a line drawn parallel to the horn axis and a

line passing through a top surface of adjacent ones of said ridges 114.

The OMT consists of a tapering transition 106, a direct branch 108, and a tilted
one 110. The waveguide transition 106 is a quasi-elliptical waveguide transition
connecting a rectangular (i.e., 108) and a circular waveguide (i.e., 110). In
some embodiments, said 106 is designed to taper away from the horn antenna
102. In some embodiments, the at least one of 108 and 110 has a circular cross-
section. In some other embodiments, the at least one of 108 and 110 has a

10
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rectangular cross-section. Said titled branch 110 has a waveguide axis at a non-
zero angle to the horn axis (see Figure 4(e)).

It will be appreciated that said tilted branch 110 may be formed from a sequence
of sections (116), each section having a length (i.e., a;, a,, a3, and a,), width
(i.e., by, by, b3, and b,) and height (i.e., ¢, ¢z, ¢35, and ¢,), and varying from each
adjacent said section in the sequence, in at least one of the length, width and
height. In one embodiment, the tilted one 110 adopts a four-step configuration
(see Figure 4(b)) for impedance matching. The performance of the horn and
OMT hardly influences each other so that they are optimized independently as
illustrated in Figure 4(c). As will be discussed in details, the inner surface of the
horn antenna 102 is designed according to a broad class of optimization
algorithms, which will discussed in full details. Also, the internal surface of at
least one of the at least two separate waveguides is designed according to a

broad class of optimization algorithms.

In Ku-band satellite communications, reflectors antennas such as the device
100 with the feed horn 102 are prevalent for their flexible bandwidth, ease of
fabrication, and reliability. To obtain the required bandwidth and excellent beam
equalization, a corrugated horn with various types of cross-sections and slots is
preferred. In some embodiments, the horn 102 has a circular cross-section. In
some other embodiments, the horn has a square cross-section. It will be
appreciated that the disclosure herein may be made generally with reference to
horn antennae having a corrugated inner surface. However, it will be
appreciated that other engineered inner surfaces may be used - e.g. flat,
undulating, slotted, grooved, paraboloid, hyperboloid, spheroid and any other
inner surface shape or arrangement necessary to achieve a particular and

desired purpose.

In some embodiments, the horn antenna is adapted to support two or more
waveguide modes corresponding to the at least two orthogonal linear polarized
fields. In the present disclosure, the horn antenna operates in 12.25-12.75 GHz

11
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and 14-14.5 GHz. The horn antenna 102 may work with two orthogonal linear
polarizations for receiving and transmitting modes, respectively. Accordingly,
the OMT is widely applied as the feeding structure. The design of the corrugated
horn 102 and its OMT could base on analytical analysis in limited cases. As will
be discussed in more details, a more versatile method is to conduct iterative
optimization in light of the performance requirement. For compact designs
where a short corrugated horn only has 3-4 slots and its OMT is irregular, a
powerful optimizer is highly required. The designer may set the initial
configuration of the antenna according to analytical and empirical equations, or
directly launch the optimizer with random initial values. This design process is
automated, which significantly saves time and human costs.

Figure 5(b) shows an example antenna assembly (500), comprising the unitary
device 100, a perforated reflector (502), and a platform (504). The device 100
here is equipped on the platform 504 with the help of a choking fixture (506)
and a pad (508) below. The platform 504 is used for stabilizing the utility device
100 and the perforated reflector 502. In one example as shown in Figure 5(b),
the horn antenna of the unitary device functions as the feed for the perforated
reflector 502. As illustrated in Figure 5(c), the device 100 has an angle (i.e.,
B0) being the angle between a line drawn parallel to the platform axis and a line
passing through the centre of the reflector 502. Said angle 8¢ is set such that a
phase centre of the horn antenna 102 of the unitary device 100 is at a focus of
the perforated reflector 502.

The design of the antenna configuration in the present disclosure follows two
principles. The first principle is that the structure needs to be compatible with
direct 3D printing, where assembly is not required. All suspended part should
have a tilted angle of no more than 45° so that it does not collapse during
fabrication. Said 3D printing is a potential candidate to substitute the traditional
machining process in horn antenna manufacturing. The size and weight of the
antenna 102 can be significantly reduced, which saves much fabrication time
and cost. In particular, two types of techniques can be applied—plastic and

12
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metal 3D printing. For plastic printing, a dielectric horn antenna is printed first
(Figure 2(a)). Then, electroplating, conductive spray paint, or metal coating is
conducted to achieve metallization. Apparently, for inner walls of horn antennas,
this is inconvenient. Hence, the plastic horn is always halved into two parts, as
seen in Figure 2(b) and Figure 2(c). The whole fabrication process consists of

printing, metallization, and assembly.

Another possible 3D printing method is based on metallic material, especially
the aluminium alloy AlSiioMg. The horn antenna is directly printed layer by layer
through additive manufacturing. Nevertheless, the structure for metal printing
cannot be arbitrary. Suspended stubs longer than several millimetres are usually
not feasible unless redundant support is used. Likely, the tilted angle of the
structure should not exceed 45° to avoid collapsing due to gravity. Therefore,
the metallic horn and its OMT are printed separately to increase design freedom.
Flanges with screw holes are needed for fixing, which increases the antenna
volume and impairs its stability and sealing performance. In some examples,
the antenna assembly 500 as a whole can be manufactured using 3D printing
technology. It will be appreciated that in some embodiments, the antenna
assembly 500 especially the unitary device 100 according is formed from at
least one of a metal material and a plastic material. The unitary device and/or
assembly may be manufactured in at least two separate block. In one
embodiment, the unitary device is manufactured by manufacturing the antenna
102 and OMT separately. In another embodiment, the unitary device 100 is
manufactured by manufacturing the antenna 102, the waveguide transition 106
and the waveguides 108 and 110 separately. It will be appreciated that
alignments pins and threaded holes can be provided on the separate blocks to

facilitate assembly.

The second principle for the design of the antenna configuration is that the
configuration needs to be easy to optimize, which means that the dimension of
the solution space should be minimized. In the present disclosure, according to

13
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the proposed antenna configuration, an optimization problem is constructed to
design the antenna automatically based on Matlab-HFSS co-simulation. The
impedance matching, radiation pattern, cross-polarization level (XPL), and
antenna size are considered. The antenna 102 is designed as the feed of a
reflector for Ku-band satellite communications. Therefore, the operating band,
gain, cross-polarization level (XPL), and beamwidth in E-, H-, and diagonal
planes need optimization. Besides, the size of the antenna is optimized as well
for compactness. Since the antenna is divided into the radiation and feeding
parts shown in Figure 4(c)-(e), the optimization problem is decomposed into
two sub-problems, i.e., OptHorn and OptOMT, respectively. Parallel optimization
is thus feasible. Meanwhile, the dimension of the solution space is greatly
reduced. The variables for optimization are illustrated in Figure 4(d) and(e). The

performance requirements for each part are listed in Table I.

Table I
PERFORMANCE REQUIREMENT
Horn OMT
Operating band (GH2) 12.25-12.75, Portl: 12.25-12.75,
14-14.5 Port2: 14-14.5

Gain (dBi) >16 -

XP level (dB) <-25 --

12 dB Beamwidth in E-, H-,

and diagonal planes (deg) o3 -

The proposed automated design process bases on a modified GWO which will
be demonstrated later. The original GWO is a single-objective algorithm. Its
multi-objective versions were proposed, which is not necessary in this
disclosure. Hence, a fitness function for OptHorn is put forward in (1). It consists
of five components representing the wanted radiation behaviors, input

characteristics, and antenna size.

14
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in which B; (i=14) is the positive weighted coefficient indicating the importance
of each requirement, u(x) denotes step function, Si: max(m) is maximum Sii
parameter in dB in the m-th band, Bandwidthizas(i,j) and XPL(i,j) are the 12dB
beamwidth in degree and cross-polarization level in dB, respectively, in the j-th
plane at the j-th frequency, d« denotes the horizontal ridge width and the
horizontal slot width in mm, and detar is size limitation of the horizontal ridge
width and the horizontal slot width.(d)

Similarly, the fitness function of OptOMT is set as:
Fouz = D6, =€ VU, =) + (1= DY)y +20)°U(S, 0 +20) (2)

where D is a positive weighted coefficient, u(x) is the step function, Siimax is the
maximum Sii parameter in dB in the operating band, ck is the OMT parameter
in mm shown in Figure 4(e), and cCiwtar represents the size limitation of the OMT.

The two sub-problems are summarized in Table II.

Table II
OPTIMIZATION SUBPROBLEMS
OptHorn OptOMT

Slot and tooth width dk | Step width a, (mm),
— 100 step height b, (mm),
_ (mm), k=1~9; and step length ¢, (mm),
Variables Slot depth /m (mm), |n=1~4;
m=1,2,3,4; Start point of the tilted

branch ¢o (mm).
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Flare angle of the horn @n

(deg).
Dimension 14 13
Fitness function Eqg.(1) Eq.(2)

In the present disclosure, an algorithm-based design method is proposed for
said Ku-band satellite communications. The whole structure of the proposed
horn antenna is automatically designed through a swarm intelligence-based
algorithm, i.e., the GWO, to obtain fine antenna performance and compact size.
The GWO was proposed in 2014. With a concise framework, it shows competitive
or even superior performance when compared with classical global optimization
algorithms, such as the genetic algorithm, particle swarm optimization,
differential evolution, etc. It has been proved that this optimizer has great
potential in electromagnetics. A compact antenna structure is put forward, of
which the design process is decomposed into two sub-problems to accelerate
optimization. The original GWO is modified exclusively for electromagnetic
design problems so that the time cost is reduced. It will be appreciated that said
automated design and fabrication approaches are proposed based on both
modified GWO and 3D metal printing. To make the algorithm compatible with
the 3D printing process, some novel application-based modifications can be
added to the algorithm. Through the proposed design method, time, human,
and material costs are decreased. In particular, the manufacturing time and cost
are thus considerably reduced compared to those of existing designs based on
machining and separate printing. The proposed design particularly applies to
design automation and mass production. Fine agreement is observed between
the simulated and measured results, showing the superiority of the proposed

integral design and fabrication process.

Since the GWO has been evaluated and compared with other classical algorithms
in the prior art in @a comprehensive manner, the present invention directly uses
a practical design problem to demonstrate the performance of the algorithm.
Some application-oriented modifications are added to the original GWO.
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According to the machining error of 3D metal printing, hypersensitive solutions
are not feasible. Therefore, a filter is inserted into the GWO code to eliminate
these solutions. The machining error of the available 3D printing technology is
also under consideration. The step of the solution searching process is rectified.
Moreover, an extra stop criterion is added so that the GWO can stop in advance
to save the time cost of the design. The optimization process of the OMT shown
in Figure 4(e) and Table III is visualized in Figure 6. as an instance. It is
observed that with a sample amount comparable to the dimension of the
solution space in each iteration, the GWO shows excellent performance, which
coincides with the result. After 22 iterations, the maximal S11 parameter
obtained by the GWO already reaches -15 dB in the two bands. At the last
iteration, the value is further optimized to -20 dB. Since the optimization
processes of the horn and OMT are in parallel, the overall design time can be

reduced to one day.

Figure 6 illustrates an example optimization method 600 for designing the
corrugated horn antenna or the separate waveguides of the orthomode
transducer based on GWO. Broadly, the method 600 comprises:

Step 602: generating initialization population in a pre-defined solution
space;

Step 604: calculating a fitness value of each grey wolf in the initialization
population according to a pre-defined fitness function, each grey wolf defining
a solution at a position in the solution space; and

Step 606: repeatedly:

selecting a predetermined number of fitness values based on an
ordering of fitness values from large to small ("best fitness values"),
and identifying and storing as Xq, Xg, and Xz a position of each best fitness
value based on the respective grey wolf;

updating and storing position for each grey wolf according to one
or more pre-defined functions; and

updating and storing the fitness value of each grey wolf in each
updated position according to the pre-defined fitness function; and
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Step 608: outputting Xqs when a predetermined maximum number of

repetitions is reached.

This GWO algorithm is inspired by the social hierarchy and group hunting
mechanism of grey wolves. In some embodiments, for each repetition of
updating a position for each grey wolf, the method further comprises comparing
the updated position with each position of a previous repetition, to determine
whether or not to update the fitness value with the updated position. This
algorithm showed supreme performance in nonlinear and nonconvex
continuous-value problems with a high-dimensional solution space. It has also
been evaluated and compared with other classical algorithms in a
comprehensive manner. To explain the design process, an example is presented
in Table III. The integrated antenna is divided into two parts, the horn and OMT,
as seen in Figure 4(c). This simplifies the optimization problem by dividing it
into two sub-problems and reducing the dimension of the solution space. The
variables for optimization are illustrated in Figure 4(d) and(e), and Table I. The
antenna is optimized to have compact size and required performance, in terms
of beam widths in E-, H-, and diagonal planes; and voltage standing wave ratio
(VSWR) or reflection coefficient. The optimization starts with a set of random
initial variables. The goal of the algorithms in Figure 6 is to minimize the value

of the objective functions in Table III.

Table III
The optimization process of the integrated antenna through GWO
Corrugated horn Tilted OMT branch

Variables for | Width w;, depth /;, and location | Width a;, height b;, and length ¢;

optimization | d; of each slot, i=1,2,3,4; Flare of each step, j=1,2,3,4; Start
angle of the horn angnorm, point of the tilted branch z

Aperture length d
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Dimension of
the solution 14 13
space
Wolf
20 15
population
Max iteration 54 54

Objective Function (A and B are designer-defined positive constants)

Corrugated . at two three in dual 4
horn A(| Beamwidith,, ;,(deg) — 63| . oy TIAXVSWR) +Z;‘(w” +d,)
Tilted OMT (S (dB) indual)
max
branch " bands

Though the GWO has a concise mechanism, low memory requirement, and
excellent performance, according to the no free lunch theorem, exclusive
modifications still conduce to improving its performance in actual applications.
Therefore, a modified GWO (MGWO) is proposed in the present invention for
electromagnetic (EM) automated design in light of the principles below.
a) The running time of the algorithm is trivial compared to full-wave
simulation.
b) Excessive simulation runs for a global optimum are not be required all the
time. Feasible solutions are acceptable.
¢c) Hypersensitive solutions are not preferred due to the lack of robustness
against manufacturing and simulation errors.
d) The balance between the exploration and exploitation abilities of the
optimizer is maintained.

e) Extra tuning parameters are unfavorable.

In the present disclosure, said MGWO with reduced hunting expanse, enhanced
solution robustness, an adaptive step size, sample filtering, and re-initialization
is proposed to automate and shorten the design process. The whole structure is

divided into two independent parts to simplify the optimization problem. The
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performance and size of the antenna are simultaneously optimized. Moreover,
the configuration of the antenna is highly compatible with direct 3D printing
technology so that separate fabrication is not needed. Redundant aligning,
supporting, or fixing structures are also eliminated as much as possible for
compactness. At last, for validation, a 3D-printed all-integrated horn antenna is
fabricated and measured. It is then equipped to a reflector.

The GWO mimics the social hierarchy and hunting behavior of grey wolves. It
uses the top three historical solutions (alpha, beta, and delta wolves, i.e., the
top three historical solutions) to estimate the position of the temporary optimum
and guide the searching behavior and to lead the wolf group to search for the
prey (optimum). The operator for variable updating is referred to as “encircling”.
The searching behavior is depicted by

x(z +1) =XP(t)—A|CXP(f)—X(f)| (3)

where x(t+1) and x(t) are the position vectors of one wolf in (¢+1)-th and t-th
iterations, xp(t) is the assumed optimum, and A and C are two diagonal matrices

defined as:

A=(CR,-Da @)

(5)

where Ri and Rz are two diagonal matrices of which elements have random

C=12R,

values between [0, 1], I is the identity matrix, and a is called the encircling
coefficient formulated by:
a=20-Ly
r (6)
where t represents the current iteration number, and T is the total iteration
number. An encircling operator, L, is then derived from (3)-(6)—

x(t+1) = L(x,,)x(t) (7)
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In the GWO, the position of each wolf is updated according to the best three
historical positions (alpha, beta, and delta wolves) through the encircling
operator, that is:

X

o 8.3

(+D=L{x_ ;. 0%, . (D

&,

X0+ 1) = (L(x, 0%, () + L0, A%, () + L(x;. 5%, (1) ©
2

where x(t+1) and x;(t) are the position vectors of the /t" wolf in the (t+1)t" and
tth iterations, and X4, 5, 5, is the position of the current alpha, beta, and delta
wolve, and x; is the position vector of the omega wolf.

The original GWO was devised on the basis that simulation cost is trivial since
the benchmark functions are in explicit analytical forms. In one single test, tens
of independent runs were implemented, each of which had up to 15,000
evaluations. This might be feasible for array synthesis and optimization because
only one or none time of full-wave simulation is required. However, for most
problems in EM engineering, numerical and full-wave simulations are
indispensable in each evaluation. Therefore, a nature-inspired concept, hunting
expanse, is introduced to the GWO. It represents the simulation cost during the
optimization stage. To reduce hunting expanse, a pack of wolves constructs
dynamic collective memory which records the historical positions they have
explored. When a wolf is assigned with a new target position, it first compares
this position with the existing ones to determine if a new exploration is

worthwhile in the next iteration. This is done by:
x=roumd (X)

f3me X, sm—x{+D| <4 {1——) then, x i+ =m
i N RObT T PN o

ISRy

(9)

where round(x) is the round-off function, x is a position, vector, m is a stored
position, Xmemory IS the set of the historical positions that have been actually
explored, xi(t+1) is the latest position assigned to the j-th wolf, t is the current
iteration number, || || represents the co-norm, T indicates the total iteration
number, and dwe is the initial distance threshold determined by the machining
error of the available technology. The round-off strategy is based on printing
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precision. The distance threshold decreases linearly with the iteration number.
This forbids solution aggregation during the exploration while preventing
optimum missing in the exploitation course. Analogously, the initialization of the
GWO is also modified to avoid seed aggregation.

Through Eqg.(9), the searching region is discretized, and repetitive searches are
forbidden. The hunting expanse thus diminishes. Meanwhile, individual wolves
are not encouraged to search for the prey around a poor position, which
eliminates the solutions that are hypertensive to fabrication and simulation
errors. To further reduce the hunting expanse, an optimization goal is
introduced so that the algorithm may stop in advance. The original GWO is
designed to minimize the cost function. The only stop criterion is the total
iteration number, implying that the optimization goal is minus infinity.

According to Eq.(9), during the exploration stage, if an excellent solution is just
a tiny step away from a poor one, it is not adopted due to lack of robustness.
Hence, EQ.(9) also eliminates the solutions that are hypertensive to fabrication
and simulation errors. This advantage especially applies to 3D-printed horns
and OMTs with multiple structural discontinuities. Besides, each element in the
positions vector x is rounded off according to the available manufacture
precision from the vendor, which discretizes the solution space for less

simulation cost and more robustness.

Besides reducing hunting expanse, another efficient way to cut down the time
cost of the GWO-based automated design process is to modify the exploration
and exploitation stages simultaneously. It has been proved that when the
encircling coefficient a in Eq.(6) is larger than unity, exploration is promoted. In
contrast, if a<1, exploitation dominates and all wolves start to attack the prey.
Several ways have been put forward to amend this coefficient, including
adopting nonlinear functions, introducing multiple tuning parameters, using
fuzzy logic, etc. However, it has been pointed out that, generally, the encircling
coefficient is not correlated to the fitness of each solution. During one group
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hunting, all individuals update their positions according to the alpha, beta, and
delta wolves. Insufficient attention is paid to their own findings, especially when
the wolf population is large. This strategy minimizes the memory requirement
of the GWO, but as mentioned before, this matters little in EM design. A solution
updating approach from an adaptive cuckoo search algorithm is directly
adopted, whereas the mechanisms of the two algorithms are different. It is also
noticed that in the GWO, the encircling coefficient decreases to zero, suggesting
that all but one simulation runs in the last iteration are meaningless. Hence, a
novel adaptive encircling coefficient is formulated based on the idea of the

dynamic adaption as:

a@=20-1y" per IF ~F(x,0)|.

2

F

t_best 4y _worst

ift=T7, thenT =7 +1. (10)

where ai(t) and xi(t) are the encircling coefficient and position vector,
respectively, of the " wolf in the ¢ iteration, t and T are the current and total
iteration numbers, respectively; r3 is a random value between [0, 1], Ft pest and
Fe worst are the best and worst fitness values in the t" iteration, and F(x) is the
fitness function. The comparison between the original and modified encircling
coefficients are shown in Figure 9. In this way, a new searching task is
generated partially based on the finding of each individual. Moreover, it is
noticed that according to (6), the encircling coefficient decreases to zero in the
last iteration. This suggests that the assigned positions might be identical.
Hence, a minor modification is introduced to eliminate repetitive simulation. The
comparison between the original and modified encircling coefficients is shown
in Figure 2(a). For MGWO, the exploration and exploitation behaviors are
adaptively adjusted in a dynamic range. Meanwhile, the macroscopic balance
between them is well maintained.

At last, the initialization course of the GWO is modified to improve the
exploration behavior by avoiding sample aggregation. Normally, the GWO starts
with a set of stochastic variables within the solution space, but their even
distribution is not well guaranteed. A filtering process similar to (9) is thus
inserted after the initialization through:
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. Jub —1b],
if3Ix,x. X, 9||X. —x.” <—=,
i 7 initial i J 2 N
initial
then, x ;18 re-initialized. (11)
where Xiitar IS the initial sample set, || ||2 represents the 2-norm (Euclidean

distance), and Niisar is the number of initial samples. This filtering operation is

conducted Naim times, in which Ngm is the dimension of the solution space.

Based on the above approach, an integrated horn antenna that is compatible
with metal 3D printing is designed. The design takes a balance between antenna
performance and size. No extra procedures, such as assembly, surface
processing, alignment, or fixing are needed. Hence, the fabrication time and
cost are minimized. Besides, the volume of the antenna is reduced through
optimization. The overall height is around 4Ac; (96 mm), where Ao is the
wavelength in free space at the center frequency (12.5 GHz) of the lower band.
It is light-weighted and more than 30 percent smaller than the compact
machining-based horn antenna operating in the same frequency band in the
latest publication. Without screws, the mechanical stability of this succinct
structure against severe temperature changes and vibration is excellent. These
advantages are preferred in portable devices like automotive antennas, and

critical systems, such as satellites.

The horn antenna functions as the feed for an offset-fed reflector, as seen in
Figure 7. It is equipped on a shared platform seen in Figure 7(b) with the help
of a choking fixture and a pad below, as shown in Figure 7(a). The reflector and
platform are also implemented through 3D printing. The reflector is densely
perforated to reduce the weight of the whole system. The platform stabilizes the
antennas and guarantee that the phase center of the feed is at the focus of the
reflector. The configuration of the offset-fed reflector antenna is shown in Figure
7(c).

The performance of the antenna is shown in Figure 8. It operates in two separate
bands in the Ku band with impressive beam equalization in three vertical
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sections, as presented in Figure 8(a)-(c). The radiation performance is steady
with respect to frequency. After it is equipped to the reflector platform, good
radiation behaviors at the two frequencies are still maintained, as shown in
Figure 8(d) and (e). Due to the stable phase center of the horn antenna, the
aperture efficiency of the reflector is 72.66% and 75.67% at 12.5 GHz and 14.25
GHz, respectively.

Figure 10(a) illustrates an example optimization method 1000 for designing the
corrugated horn antenna or the separate waveguides of the orthomode
transducer based on MGWO. Broadly, the method 1000 comprises:

Step 1002: generating initialization population in a pre-defined solution
space;

Step 1004: calculating a fitness value of each grey wolf in the initialization
population according to Eq.(11), each grey wolf defining a solution at a position
in the solution space; and

Step 1006: repeatedly:

selecting a predetermined number of fitness values based on an
ordering of fitness values from large to small ("best fitness values"),
and identifying and storing as Xq, Xg, and Xz a position of each best fitness
value based on the respective grey wolf;

updating and storing position for each grey wolf according to
Eq.(8), (10) under (9); and

updating and storing the fitness value of each grey wolf in each
updated position according to the pre-defined fitness function; and

Step 1008: outputting Xq¢ when a predetermined maximum number of
repetitions is reached.

The MGWO does not introduce extra tuning parameters over the original GWO,
which makes it application-friendly in various fields. The flow chart of MGWO is
shown in Figure 10. To compare the performance of the MGWO and GWO, three
different algorithm configurations are adopted for the same optimization
problem, as seen in Table III. The goal of the MGWO is set as -20 so that it can
stop in advance. The convergence curves are shown in Figure 12(a)-(d). These
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curves are in line with the features of the GWOQ, i.e., fast convergence appears
in the exploitation stage. Then, Optll was selected for further performance
comparison. Ten independent runs were conducted through the GWO and
MGWO, respectively. Their average performance is presented in Figure 11. This
time, the same stop criterion is applied in the two optimizers. It is observed that
the MGWO effectively accelerates the design course.

The GWO and its variants have been tested and compared with other optimizers
in terms of tens of algorithm benchmarks. The present disclosure focuses on
practical EM design problems since the proposed MGWO is application-oriented.
A numerical experiment was conducted, in which the optimization problem of
the OMT shown in Figure 1(e) is selected. For comparison, the MGWO, GWO,
and genetic algorithm (GA) were applied under the same settings. The S
parameter alone was used as the cost function to intuitively demonstrate the
performance of the optimizers and eliminate the effect of the weighted
coefficient, as seen in Table IV. Four different optimizer configurations were
adopted, in which the total simulation runs stayed constant as the population
and maximum iteration number varied. The GWO and GA are from Ansys HFSS
2019, respectively. Since the GA has abundant parameters, the default setting
was adopted. The optimization goal was set as minimization. To save time, the
MGWO was allowed to stop in advance when the cost value is below -20.

Table IV

Problem Configurations

Dimension 13

x = (c0, a1, a2, a3, a4, b1, b2, b3, b4, c1, c2, c3,

Solution vector (mm)
c4)

Upper bound (mm) ub=(8, 20, 18, 20, 20,9, 9, 9, 9, 25, 12, 12, 12)

Lower bound (mm) Ib=(0,5,8 ,11,14,2,2,2,2,10,2 ,2 ,2 )
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Maximum S11 parameter (dB) in the selected bands,
12.25-12.75 GHz, and 14-14.5 GHz

Cost function

Goal Minimization

Optimizer Configurations

Total simulation runs = 600

OptlI Opt 11 Opt III Opt IV
Population 15 20 25 30
Maximum iteration 40 30 24 20

The convergence curves are shown in Figure 12 where a convergence criterion
was added during post-processing. The MGWO finds a satisfactory solution after
506.25 simulation runs on average, whereas the GWO requires more than 53
extra runs. Since the population of the three optimizers is identical, the GA fails
to converge within the iteration limit. It tends to perform better as the
population number increases, which suggests that the dimension of the solution
space is too large for the current population. Optimizing the parameters of the
GA could improve its performance. Nonetheless, the parameter configurations
of GWO and MGWO are much simpler. They enjoy superior applicability to

diverse problems [12], which is preferred in practical applications.

To further compare the modified and original GWO, Opt II was selected in the
next experiment. Twenty independent tests were conducted. This time, the two
optimizers were both allowed to stop in advance to save time. The experiment
settings and results are presented in Table V. The MGWO still shows a better
converging rate, and consumes less time and simulation resources. The average
cost values after each iteration are shown in Figure 13(a). If the optimizer
stopped in advance, the cost values in the subsequent iterations were set to -
22.5, the lower bound of the obtained data. It is observed that the MGWO
minimizes the cost value more effectively. In Figure 4(b), the average iteration
number needed to obtain a certain cost value is calculated through linear

interpolation. The MGWO requires fewer iterations when the objective cost value
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is below -10. Since one iteration represents 30 simulation runs in Opt II, the
MGWO significantly reduces the time cost of the design procedure.

Table V
Optimizer Settings
GWO MGWO
Population 20
Max iteration number 30
Converging criterion Cost value <-20
Results
Iteration required on average 26.5 23.375
Converging rate 60% 80%
Worst final cost -15.7 -19.1

The proposed antenna structure seen in Figure 14 and the optimization
algorithm are verified. Two 3DP-friendly integrated horn antennas, H1 and H2,
were designed based on the MGWO. Initially, the configuration of a wideband
corrugated horn antenna was automatically generated based on Table I and II
through the optimizer. Then, two OMTs having different operating bands were
devised in the same way. The orthogonal ports of H1 operate in different bands
for Ku-band satellite communication. The uplink and downlink bands are chosen
as the well-known 14/12GHz ones in Asia-Pacific. To further test the flexibility
of the optimizer, the second OMT is aimed to cover a wide band.

The configurations of the two integrated horn antennas are presented in Table
V and Figure 1. As presented in Figure 14, the two antennas are printed
holistically by an EOS M 290 3D printer with aluminum alloy powder through
direct metal laser sintering without redundant supports. No assembling process
or fixtures are required, either. Consequently, the weight of these antennas is
around 200g each. The thickness of the antenna walls is beyond 1.5 mm to
ensure structural robustness. Their ports are connected to BJ120 (WR-75/WG-

17) waveguide-coaxial adaptors with standard flanges.
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Table VI
ANTENNA CONFIGURATIONS CORRESPONDING TO FIGURE 1

Wideband corrugated horn for H1 and H2
Ph 34.2 deg ds 3 mm d; 3.4 mm 2 6.4 mm
Fewg 9 mm da4 3.7 mm |ds 2.1 mm I3 7.6 mm
di 6.4 mm ds 3 mm do 3.61 mm l4 8.6 mm
dz 2 mm de 1.5mm |I 5.6 mm
Dual-band OMT for H1 Wideband OMT for H2

Co 1.5 mm bz 6.8 mm |Co 7.4 mm bz 6.85 mm
a1 16.7 mm b4 6.8 mm a1 16.45 mm |ba 6.85 mm
az 18 mm C1 15mm a2 18 mm C1 10 mm
as 12.4 mm C2 54 mm |as3 19.05 mm |c 7.2 mm
as 19.05 mm |c3 9.8 mm |a4 19.05 mm |c3 2.1 mm
b1 4.5 mm Ca 2.4 mm |by 7 mm Ca 3.2 mm
b2 6.8 mm b2 4.6 mm

The measured and simulated S parameters show good agreement, as presented
in Figure 15. H1 operates in 12.25-12.75 GHz and 14-14.5 GHz with Port 1 and
Port 2 excited, respectively. As for H2, the overlapped operating band of the
two ports is 10.8-14.7 GHz. Since the corrugated horn is shared by the two
designs, the radiated patterns of H1 are displayed. As presented in Figure 16,
fine consistency is observed between the measured and simulated main beams.
Beam equalization and stability are attained. However, the measured cross-
polarization is not reasonable, which is because the maximum transmitted

power of the far-field measurement system is not enough for the Ku band.

It will be appreciated that many further modifications and permutations of

various aspects of the described embodiments are possible. Accordingly, the
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described aspects are intended to embrace all such alterations, modifications,
and variations that fall within the spirit and scope of the appended claims.

Throughout this specification and the claims which follow, unless the context
requires otherwise, the word “comprise”, and variations such as “comprises”
and “comprising”, will be understood to imply the inclusion of a stated integer
or step or group of integers or steps but not the exclusion of any other integer

or step or group of integers or steps.

The reference in this specification to any prior publication (or information
derived from it), or to any matter which is known, is not, and should not be
taken as an acknowledgment or admission or any form of suggestion that that
prior publication (or information derived from it) or known matter forms part of
the common general knowledge in the field of endeavour to which this
specification relates.
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Claims

1. A unitary device comprising:

a horn antenna disposed about a horn axis and having an
engineered inner surface; and

an integrated orthomode transducer comprising a waveguide
transition and at least two separate waveguides each having an internal
surface, the waveguide transition connecting the at least two separate
waveguides to the antenna, wherein the orthogonal transducer is adapted
to couple at least two orthogonal linear polarized fields from the at least
two separate waveguides into the waveguide transition for transmission
by the antenna, and/or decouple at least two orthogonal linear polarized
fields received by the waveguide transition from the antenna into

respective ones of the at least two separate waveguides.

2. The unitary device according to claim 1, wherein the inner surface of the

horn antenna is designed according to a broad class of optimisation algorithms.

3. The unitary device according to any one of claims 1 to 2, wherein the
internal surface of at least one of the at least two separate waveguides is
designed according to a broad class of optimisation algorithms.

4, The unitary device according to any one of claims 1 to 3, wherein the

horn antenna has a circular cross-section.

5. The unitary device according to any one of claims 1 to 4, wherein the

horn antenna has a square cross-section.
6. The unitary device according to any one of claims 1 to 5, wherein the

horn antenna is adapted to support two or more waveguide modes

corresponding to the at least two orthogonal linear polarized fields.
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7. The unitary device according to any one of claims 1 to 6, wherein the
horn antenna operates in 12.25-12.75 GHz and 14-14.5 GHz.

8. The unitary device according to any one of claims 1 to 7, wherein the
waveguide transition is a quasi-elliptical waveguide transition connecting a

rectangular and a circular waveguide.

9. The unitary device according to any one of claims 1 to 8, wherein the
inner surface of the horn antenna comprises a plurality of ridges, each ridge
having a horizontal ridge width, being oriented parallel to the horn axis, with
the ridge being located at slots along the inner surface of the horn antenna,
each slot having a vertical slot height, and a horizontal slot width, being oriented

parallel to the horn axis.

10. The unitary device according to any one of claims 1 to 9, wherein the
horn antenna has a flare angle being the angle between a line drawn parallel to
the horn axis and a line passing through a top surface of adjacent ones of said

ridges.

11. The unitary device according to any one of claims 1 to 10 is formed from
at least one of a metal material and a plastic material.

12. The unitary device according to any one of claims 1 to 11, wherein the

waveguide transition tapers away from the horn antenna.

13. The unitary device according to any one of claims 1 to 12, wherein the at
least one of the at least two of the separate waveguides has a rectangular cross-

section.

14. The unitary device according to any one of claims 1 to 13, wherein the at
least one of the at least two of the separate waveguides has a circular cross-

section.
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15. The unitary device according to any one of claims 1 to 14, wherein the at
least one of the at least two of the separate waveguides has a waveguide axis

at a non-zero angle to the horn axis.

16. The unitary device according to any one of claims 1 to 15, wherein a
length of the at least one of the at least two of the separate waveguides is
formed from a sequence of sections, each section having a length, width and
height, and varying from each adjacent said section in the sequence, in at least

one of the length, width and height.

17.  An antenna assembly, comprising:

a unitary device according to any one of claims 1 to 16;

a perforated reflector; and

a platform for stabilizing the utility device and the perforated
reflector, wherein the horn antenna of the unitary device functions as the feed
for the perforated reflector, and a phase center of the horn antenna of the
unitary device is at a focus of the perforated reflector.

18. A manufacturing method for manufacturing the antenna assembly
according to claim 17, comprising manufacturing at least one of the unitary
device, the perforated reflector, and the platform using three-dimensional
printing technology.

19. A manufacturing method for manufacturing the unitary device according
to any one of claims 1 to 16, comprising manufacturing the unitary device in at

least two separate blocks.

20. The manufacturing method according to claim 19 further comprises at
least one of:
manufacturing each part of the at least two separate blocks as one
or more of external protrusions, holes and partially holes; and
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providing alignment pins and threaded holes on the at least two

separate blocks to facilitate assembly.

21. A method of designing the horn antenna or the separate waveguides of
the orthomode transducer based on grey wolf optimizer, comprising:
generating initialization population in a pre-defined solution space;
calculating a fitness value of each grey wolf in the initialization population
according to a pre-defined fitness function, each grey wolf defining a solution at
a position in the solution space; and
repeatedly:
selecting a predetermined number of fitness values based on an
ordering of fitness values from large to small ("best fitness values"),
and identifying and storing as Xq, Xg, and Xz a position of each best fitness
value based on the respective grey wolf;
updating and storing position for each grey wolf according to one
or more pre-defined functions; and
updating and storing the fitness value of each grey wolf in each
updated position according to the pre-defined fitness function; and
outputting X, when a predetermined maximum number of repetitions is

reached.

22. The method of claim 21, wherein, for each repetition of updating a
position for each grey wolf, the method further comprises comparing the
updated position with each position of a previous repetition, to determine
whether or not to update the fitness value with the updated position.

23. The method of claim 21, wherein the fitness function for designing the

horn antenna according to any one of 1 to 7 is determined according to:
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in which B; (i=14) is the positive weighted coefficient indicating the importance
of each requirement, u(x) denotes step function, Si: max(m) is maximum Sii
parameter in dB in the m-th band, Bandwidthizas(i,j) and XPL(i,j) are the 12dB
beamwidth in degree and cross-polarization level in dB, respectively, in the j-th
plane at the j-th frequency, d« denotes the horizontal ridge width and the
horizontal slot width in mm, and detar is size limitation of the horizontal ridge
width and the horizontal slot width.

24. The method of claim 21, wherein the fitness function for designing the

horn antenna according to any one of 1 to 7 is determined according to:

3 . >
7 — 4 Yo e RN x \_;_ 4 _ e _‘._"' i_ .‘«‘ : _'_-,
E’.&E&T = L¥ quCES Yrand A ME-:EQ: Cranad A T {i n ;‘l{"“\‘llmﬂ B "t'};«i’ ?‘{glasm ; “G\§

in which D denotes a positive weighted coefficient, u(x) denotes step function,
S11 max(i) is maximum Sii1 parameter in dB in the operating band, ¢, denotes the
horizontal interval width for the nt" interval.
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