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Design of a Broadband Cosecant Squared Pattern Reflector

Antenna Using IWO Algorithm

Aliakbar Dastranj, Habibollah Abiri, and Alireza Mallahzadeh

Abstract—A cosecant squared pattern reflector antenna fed by a pyra-

midal double-ridged horn for 2–18 GHz is presented. Invasive weed opti-

mization (IWO) algorithm is used for synthesizing the point source doubly

curved reflector antenna. IWOmethod makes antenna synthesis flexible to

achieve extra desired features such as low side lobe level (SLL) and low

ripples in the shaped beam region. The simulation results via FEKO soft-

ware package further prove the validity and versatility of this technique

for solving reflector synthesis problems. In addition, experimental investi-

gations are conducted to understand the complete reflector antenna system

behaviors. Good agreement between the simulation and measurement has

been achieved. The ripple in the cosecant squared region and the SLL is less

than 1.5 dB and 25 dB, respectively. Based on the obtained results, the

proposed reflector antenna can be used in broadband surveillance-search

radar systems.

Index Terms—Cosecant squared pattern, GO method, IWO algorithm,

pattern ripple, reflector antenna.

I. INTRODUCTION

Cosecant squared pattern reflector antennas are frequently used in

air-surveillance radar systems, where the radiation pattern of the an-

tenna compensates for the free-space loss. The radiation characteris-

tics of the tracking antenna system at the ground control station play

a significant role for accurate tracking of an airborne target. Doubly

curved reflector antenna is an excellent antenna for achieving cosecant

squared pattern in elevation and pencil beam in azimuth plane [1]–[4].

The synthesis procedure on the basis of geometrical optics (GO)

method has been described in details by many authors [5]–[8]. Dif-

ferent analysis methods for computing far-field patterns of the doubly

curved reflector antennas have been presented [9]–[11]. Various opti-

mization techniques have been used in solving antenna problems. In

[12] using genetic algorithm an offset reflector antenna is optimized.

An ultra-wideband monopole antenna optimized by means of simu-

lated annealing algorithm and finite element method is presented in

[13]. Stochastic optimization of a patch antenna is performed in [14].

IWO is an efficient and robust optimization algorithm in finding

global optimum [15] and has been used in antenna design problems

[16]–[19]. In [20] IWO algorithm is employed to design a narrowband

reflector antenna at 9.37 GHz.

In this communication a cosecant squared pattern reflector antenna

fed by a pyramidal double-ridged horn for 2–18 GHz is presented.

Based on GO analysis, IWO algorithm is employed for synthesis and

optimization of the reflector antenna. A few parameters describe the

vertical section curvature of the reflector surface at its center. The goal

is optimize these parameters to attain the desired performance which

is basically a pattern with low ripples in the cosecant squared region
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Fig. 1. (a) Ray path in the transverse section curve, (b) General arrangement
of the central curve and the feed.

and low SLL. Simulation results have been verified experimentally and

excellent agreement is obtained. Finally, the designed reflector using

IWO method, using common GO method without optimization, also

with physical optics based software TICRA are compared to show the

improved performance of the design using IWO method.

II. ANTENNA BASICS

Antennas with principal plane pattern proportional to the square of

the cosecant of the elevation angle have application in target-seeking

radar systems. They are also useful in ground-mapping radars and air-

port beacons [7].

A 2–18 GHz pyramidal double-ridged horn (DRH) antenna is used

to illuminate the shaped reflector. The detailed design procedure of the

DRH antenna is described in previous works [21], [22].

The conventional method for designing the shape of the reflector to

produce a cosecant squared pattern in the vertical plane is GO and is

described in details by many authors [5]–[8].

Doubly curved reflector antennas have two main sections. Central

vertical section of the reflector must be designed to produce a shaped

beam in the elevation plane. The transverse section is required to be

a parabola for focusing the feed rays in the azimuth plane and conse-

quently producing a narrow beam in that plane. The shape of the re-

flector antenna surface is basically determined as follows:

Referring to Fig. 1(a), Let be the radius vector from to the central

vertical section curve, its angle of elevation, and the angle between

the incident and reflected rays in the central vertical section. The sec-

tion of the surface in the plane is a parabola with vertex at

and focal length

(1)

This equation gives transverse parabolas of the reflector surface [6].

The general positioning of feed-central vertical curve is shown in

Fig. 1(b). Assume that the phase center of the feed is located at the

focal point. As mentioned before, is the angle of incident ray with

respect to . is the angle of reflected ray. The angle between incident

and reflected rays, , can be expressed as:

(2)

The differential equation of the central curve is [5]:

(3)
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In these equations, and are both unknown. If is speci-

fied then can be determined. The relation between and , which

is necessary for integrating the above equation is as follows [5]–[8]:

(4)

where, and are the power incident on a central element of

the reflector and the reflected energy respectively. is required to

be a distribution between the angular limits and . Finding

, and will be calculated. The desired surface can be

specified by combining both vertical and transverse curves of the re-

flector, using (1) and (3).

III. REFLECTOR SYNTHESIS USING IWO ALGORITHM

IWO is an effective numerical evolutionary optimization technique

to find global optimum of complex multi-dimensional optimization

problems [15]. Here IWO has been employed as a flexible method

to design a doubly curved reflector antenna and achieve desired fea-

tures such as low SLL and small ripples simultaneously. Other opti-

mization algorithms, such as Genetic Algorithm (GA), Particle Swarm

Optimization (PSO) and Ant Colony, are not often flexible enough to

achieve desired SLL and ripple simultaneously. PSO is mainly used

for sidelobe suppression [23], [24] and GA is applicable to optimize

the ripple.

The algorithm process can be summarized as follows [15], [18], and

[20]:

1) A finite number of seeds spread out randomly on the search area.

2) They grow to flowering weeds and produce seeds. The number of

reproduced seeds of each weed depends on its own fitness, that is,

better fitness permits more seeds to be reproduced. However the

maximum number of seeds is limited.

3) The reproduced seeds disperse over the search area around their

parent weeds. The random dispersion has a normal distribution

with zero mean but varying variance. The standard deviation (SD)

decreases in each time step of the algorithm as [15]:

(5)

where is the number of current time step, is the max-

imum number of iterations, is the SD at the present time

step, and are prescribed constant values for

SD at the first and last iterations, and is the nonlinear modula-

tion index usually set to 3 [15]. This decreasing behavior for SD

causes aggregation of seeds around better solutions.

4) There is a maximum for number of weeds in each time step and

only plants with better fitness can survive and produce seeds in

the next step. The process continues until maximum number of

iterations is reached and finally the plant with the best fitness is

closest to the optimal solution.

In synthesis procedure based on IWO algorithm, the main idea is to

find a central vertical section curve which can define a reflector profile

with the desired pattern shape. Transverse sections do not affect the

elevation pattern and do not need to be optimized.

In order to determine central curve using IWO algorithm, in the first

step, the curve must be expressed by a finite number of parameters.

For example, it can be approximated by an -th order polynomial with

coefficients. These coefficients are then determined properly by

means of IWO. The obtained central curve along with the parabola

equation given in (1), define the whole profile of the reflector. How-

ever according to (2) and (3) this curve can be obtained if the distri-

bution of between and is determined. For approximating

distribution, various functions were examined to find a function

Fig. 2. Desired pattern in the shaped region and maximum level of the side
lobe.

with less parameters and fine accuracy. Accordingly, the following 5-th

order polynomial was chosen:

(6)

where , , 1, 2, 3, 4, 5 are the coefficients to be determined. IWO

process starts with initial random values for the coefficients in .

Random central curves and then random surfaces will be generated ac-

cording to (3). So in each time step of the algorithm we have a random

reflector surface. To obtain elevation radiation pattern of each reflector,

it has to be analyzed. Since we have the primary radiation pattern of the

feed, the secondary pattern of the reflector can be obtained using the

FEKO software package. The obtained elevation pattern is compared

with the ideal cosecant squared pattern. Consequently, error (or fitness)

value of weed (i.e., generated surface) is the difference between the far

field elevation pattern and a desired cosecant squared pattern. Opti-

mization process continues until a radiation pattern which is closest to

the cosecant squared pattern is achieved.

Fig. 2 presents the desired pattern in the shaped region and the max-

imum level of the side lobe. In the Optimization procedure, the focus is

on achieving low ripples in shaped region and the desired SLL which

is defined to be 25 dB (lower values can be defined). To do this it

is required to calculate a proper fitness function for every generated

reflector to define the shaped region error. Consider that the obtained

elevation pattern of each reflector varies from to 180 . By sam-

pling the radiated power at points of this pattern, a fitness func-

tion is defined as:

(7)

where

The first term with sample points in the fitness function is the error

due to ripples in the shaped region and the second term

is the relative error of the desired SLL ( ,

). So that beyond 25 SLL, the error is not accounted. The region

between and does not affect the total error.

IV. RESULTS AND DISCUSSION

A. DRH Antenna Feed

The performance of the designed pyramidal DRH antenna was

checked by simulation using Ansoft HFSS and CST Microwave

Studio and then by measurement. It was fabricated with high precision

(mechanical tolerance of 0.1 mm). Fig. 3(a) shows a picture of the

fabricated antenna.
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Fig. 3. (a) Picture of the fabricated DRH antenna, (b), (c) Measured radiation
patterns of the DRH antenna at 2 GHz and 18 GHz.

The measured co- and cross polar far-field E-plane (x-z plane) and

H-plane (y-z plane) radiation patterns of the designed feed horn at band

edge frequencies are presented in Fig. 3(b) and (c). In this figure, for

the E-plane, -field and -field are co-polar and cross-polar compo-

nents, respectively. For the H-plane, -field and -field are co-polar

and cross-polar components, respectively. It can be observed that the

proposed feed has symmetrical radiation patterns and low SLL over

the entire frequency band. Specifically, the cross polarization level at

boresight direction is considerably small.

The basic system that is used to measure the phase patterns at a short

distance from the antenna is shown in Fig. 4(a) [25]. The phase of the

received signal is compared with a coupled input signal as the refer-

ence. Comparison of simulated and measured phase patterns of the

DRH at the center frequency is presented in Fig. 4(b). The smooth vari-

ation of this phase pattern in illumination angle is of significance in the

design of the shaped reflector.

B. Complete Reflector Antenna System

Numerous simulations via MATLAB and FEKO software packages

have been made to optimize the performance of the reflector antenna

system.

The IWO parameters are chosen as: , ,

, and . Since the feed is placed with 15

offset and has about 56 10-dB beam width at the center frequency (10

Fig. 4. (a) Near-field phase pattern measuring system, (b) Simulated and mea-
sured phase patterns of the DRH at 10 GHz.

Fig. 5. Convergence curve of the fitness function.

TABLE I
FINAL OPTIMUM VALUES OF THE COEFFICIENTS OF

GHz), varies from to 43 . is approximated according

to (6). Fig. 5 shows convergence curve of the fitness function. After

100 iterations, lowest fitness and consequently the optimum solution

is achieved. The final optimum values of , , 1, 2, 3, 4, 5 are

tabulated in Table I.

Since the primary radiation pattern of the feed is known, we obtain

the secondary pattern of the generated reflectors using FEKO software

package. The far filed patterns of the obtained surfaces at the center

frequency are shown in Fig. 6. The dashed line in this figure represents

the desired defined goal for elevation pattern used to calculate the fit-

ness function. It can be observed that the obtained patterns approach to

the defined goal as the number of iteration increases.

The 3D model of the complete designed reflector antenna system is

presented in Fig. 7. The antenna dimension and the focal length are

and 44 cm respectively. As mentioned before, the placement of

the horn is such that its phase center is at the focal point of the reflector.

The angular limits of the designed reflector correspond to the

10-dB points in the primary pattern at 10 GHz.
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Fig. 6. Radiation patterns of generated reflector surfaces, (a) elevation pattern
in the first iteration, (b) elevation pattern in the 50-th iteration, (c) elevation
pattern of the final optimum reflector surface generated in the 100-th iteration,
(d) azimuth patterns.

In order to compare the proposed method with the common GO

basedmethod and TICRACAD tool, the reflector surface is designed in

identical conditions, that is the same feed position, reflector dimensions

and bandwidth. TICRA package supplies physical optics-based shaped

reflector (POS) code which provides accurate and efficient shaping of

spacecraft antennas [26]. The resulted radiation patterns obtained by

three methods are depicted in Fig. 8. It is seen that the ripple in the

Fig. 7. 3D model of the complete reflector antenna system.

Fig. 8. A comparison between the IWO, common GO based method, and
TICRA tool results. (a) elevation pattern, (b) pencil beam in the azimuth
pattern.

Fig. 9. Pictures of the fabricated antenna, (a) overall view, (b) back view.

cosecant squared region for the designed antenna using IWO method,

is 1.5 dB, but the patterns obtained by other methods have consider-

ably larger ripples. Moreover, the IWO based design has a lower SLL.

The inferior performance of the TICRA tool can be due to the fact that

it is not efficient for broadband shaped reflector design.

Finally, the designed reflector antenna system was fabricated with a

mechanical accuracy of and tested. Fig. 9 shows the pictures of

the fabricated antenna. As shown in this figure, in order to achieve the
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Fig. 10. Simulated and measured far-filed patterns of the designed antenna,
(a) elevation pattern at 2 GHz, (b) azimuth pattern at 2 GHz, (c) elevation pattern
at 18 GHz, (d) azimuth pattern at 18 GHz.

slant polarization performance, the feed horn antenna is located at 45

azimuthally slanted position.

The simulated and measured far-filed patterns of the designed an-

tenna at band edge frequencies are presented in Fig. 10. It can be ob-

served that the designed antenna has satisfactory radiation patterns with

TABLE II
MEASURED GAIN, RIPPLE AND SLL OF THE REFLECTOR

ANTENNA VERSUS FREQUENCY

low ripple in the cosecant squared region and low SLL over the entire

frequency band. Moreover, the designed reflector antenna has a cross

polarization level about 50 dB lower than the co-polarization level at

boresight in all of the measured radiation patterns.

The angular width of the distribution is approximately 45 and

depends on the 10-dB points in the primary pattern and initial value

of in (4). The gain, ripple, and the SLL variations of the re-

flector with frequency are presented in Table II. It can be seen that

the gain of the antenna increases as frequency increases. The antenna

peak gain is about 30 dB and occurs at the end of the frequency band

(18 GHz). The reflector antenna has smaller ripples and lower SLL at

higher frequencies.

The effect of blocking by the primary feed in the radiation pattern

is eliminated by the offset feeding technique. As illustrated schemat-

ically in Fig. 1(b), the feed is placed with 15 offset. This avoids the

shadow of the horn and its supporting structure on the most intensely

illuminated area of the reflector and hence improves gain and side lobe

characteristics [6]. The agreement between the simulations and mea-

surements confirms this point.

V. CONCLUSION

Based on GO analysis, IWO algorithm has been successfully em-

ployed for design and optimization of a 2–18 GHz doubly curved re-

flector antenna. Simulation results have been checked experimentally

and excellent agreement is obtained. It was found that for satisfactory

antenna performance, high mechanical accuracy and small geometrical

tolerances of the feed horn and reflector are essential. In this communi-

cation the focus is on lower ripples in the cosecant squared region and

low SLL. The designed reflector based on the IWO method is com-

pared with other reflectors designed using common GO method and

TICRA software package. It is shown that improved performance is

obtained using IWO method. The proposed reflector antenna can be

used in broadband surveillance-search radar systems, ground-mapping

radars, and airport beacons.
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Sidelobe Modulation Scrambling Transmitter Using

Fourier Rotman Lens

Yunhua Zhang, Yuan Ding, and Vincent Fusco

Abstract—A means for scrambling the digital modulation content in the

sidelobes of a radio transmission from a steerable antenna array is pre-

sented. The method uses a Fourier transform beam-forming network si-

multaneously excited by an RF information stream and orthogonally in-

jected interference streams. The proposed system is implemented using a

Fourier Rotman lens and its operational characteristics are validated for a

10 GHz QPSK transmission.

Index Terms—Fourier transform beamforming, physical layer security,

Rotman lens.

I. INTRODUCTION

The demand for high level secure wireless communication systems

is an imperative [1]. In addition to encryption imposed at application

layers the adoption of physical layer security techniques can add more

challenges to eavesdropper attempts to intercept and successfully de-

cipher useful information. Recently several physical-layer spatial en-

cryption technologies have been proposed [2]–[8]. Here physical layer

data security is realized by distorting the IQ plane constellation dia-

gram of the transmitted signal in all spatial directions except along a

pre-specified direction in order to hamper data decoding in all direc-

tions except the pre-specified one.

In [2] and [3], spatial data encryption is achieved for phase and am-

plitude modulated signals respectively by transversely placing active

phase conjugating lens (or lenses) between transmitters and receivers.

However, the frequency bandwidth of modulated signals is limited by

the inherent narrow bandwidth of analog phase conjugating lenses.

Furthermore, the secure communication direction cannot be scanned

except by mechanically rotating the system. Other physical-layer spa-

tial encryption technologies, under the banner of directional modula-

tion (DM), have been suggested in [4]–[8]. To date DM systems have

been implemented by using passive parasitic arrays [4], [5] or actively

driven arrays of phased antennas [6]–[8]. In both methods the trans-

mission phase characteristics of each element in the radiating array is

updated on a symbol-by-symbol basis. Consequently symbol encoding

is extremely demanding from an RF design perspective, since the use

of multiple RF switches and digital phase shifters poses a major com-

plexity challenge.

A Fourier transform based beam-forming network (FT-BFN), such

as a Butler matrix [9], [10] has the capability to simultaneously pro-

duce multiple beams which are orthogonal in the beam space. In the
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