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Abstract—The feasibility of designing single-feed transmitarray 

antennas with simultaneous multiple beams is investigated in this 

paper. Different far-field pattern masks and fitness functions are 

studied for multi-beam designs, and phase synthesis is achieved 

using the particle swarm optimization technique. A quad-layer 

configuration using double-square rings is selected for the 

transmitarray elements, and several designs of quad-beam 

transmitarray antenna are studied. A Ku-band symmetric quad-

beam antenna with 50 elevation separation between the beams is 

demonstrated. 

I. INTRODUCTION 

Transmitarray antennas, also known as array lens antennas, 
have received considerable attention in the recent years due to 
their numerous advantages [1], [2]. They combine the 
favorable features of optical lens and array antennas, and create 
a low profile and low mass design that is well suited for long 
distance communication and deep space applications. In 
comparison with a dielectric lens, a prominent advantage of a 
transmitarray antenna is the individual phase control of each 
element on the array aperture, which provides a simple 
mechanism to synthesize the array and achieve the desired 
radiation performance. Owing to this feature, diversified 
radiation patterns can be achieved with transmitarray antennas 
in a simple fashion [3]. 

High-gain multi-beam antennas typically rely on reflectors 
or lenses with feed-horn clusters or large phased arrays. The 
primary drawbacks of these systems are typically cost, weight, 
and volume, particularly for space applications. Similar to 
reflectarray antennas [4], [5], multiple simultaneous beams can 
be achieved with a transmitarray antenna by using a single feed 
at no additional cost, with the added advantages of low-mass 
and low-profile features. In comparison with multi-beam 
reflectarray antennas, the main advantage of multi-beam 
transmitarray systems is that they don’t exhibit feed blockage, 
which removes any constraint on the beam directions. 

In this paper we study the radiation characteristics of 
single-feed transmitarray antennas with simultaneous multiple 
beams, through case studies of quad-beam designs. The 
powerful global search algorithm, particle swarm optimization, 
is implemented to synthesize the phase of the transmitarray 
antenna elements. Various pattern masks and fitness functions 
are studied for multi-beam designs and a Ku-band quad-beam 

transmitarray antenna using quad-layer double-square ring 
elements with 24.77 dB gain for each beam is demonstrated. 

II. DESIGN METHODOLOGIES FOR SINGLE-FEED            

MULTI-BEAM TRANSMITARRAY ANTENNAS 

In transmitarray antennas, the array element taper is fixed 
by the properties of the feed and the element locations; 
however, the elements of a transmitarray antenna have the 
flexibility to achieve any value of phase shift. Utilizing this 
direct control of phase shift for every element, the phase 
distribution on the array aperture can be synthesized to achieve 
simultaneous multiple beams using a single feed. In other 
words, designing a multi-beam transmitarray is basically a 
phase-only array synthesis problem.  

In general two different synthesis approaches are available 
for single-feed multi-beam array designs: direct analytical 
solutions or optimization methods. While analytical solutions 
are typically simple to implement, recent studies [4] have 
shown that the achievable performance of these methods is not 
satisfactory in many cases and it is necessary to implement 
some form of optimization routine to achieve good radiation 
characteristics. These optimization approaches however require 
a robust search algorithm and an efficient pattern computation 
routine in order to synthesize the phase of a transmitarray 
antenna with several hundreds of elements. In terms of the 
search algorithms, while local search methods, such as 
alternating projection method can achieve a good performance 
in some cases [4], a global search method is preferable since it 
can avoid local minima traps in non-convex optimization 
problems such as asymmetric multi-beam designs [5].  

In this study we use the powerful particle swarm 
optimization (PSO) method [6] for synthesizing the aperture 
phase distribution of transmitarray antennas for multi-beam 
operation. In the first step, far-field pattern masks are defined 
based on the design requirements. These masks are circular 
contours in the angular space which are defined in the direction 
of each beam [4], [5]. Fitness functions are then defined for the 
optimizations, which control the beam performance and side-
lobe level of the array. The pattern computation in this 
synthesis process is conducted efficiently using an in-house 
code which is based on the array theory formulation with 
spectral transformations for computational speedup [7]. 
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III. DESIGN OF KU-BAND SINGLE-FEED QUAD-BEAM               

TRANSMITARRAY ANTENNAS 

To demonstrate the feasibility of the design approach 
proposed in this paper for single-feed multi-beam transmitarray 

designs, we studied a symmetric quad-beam system with 50 
elevation separation between the beams, i.e. the beams point at 
(θ1,2,3,4 = 25º, φ1 = 0º, φ2 = 90º, φ3 = 180º, φ4 = 270º). The 
antenna has a circular aperture with 648 elements and is 
designed for the operating frequency of 13.5 GHz. The unit-
cell size is 11.1 mm, and the phasing elements are quad-layer 
double-square loops (QLDSL) with a layer separation of 5 mm 
which can achieve a 360° phase range with a transmission 
magnitude better than -1.2 dB at 13.5 GHz. The feed antenna is 
a linearly polarized corrugated conical horn with a q value of 
9.25 at 13.5 GHz which is placed at a distance of 275 mm from 
the antenna aperture.  

Three different designs of quad-beam transmitarrays are 
studied here. As discussed earlier, the radiation pattern is 
controlled by defining a far-field pattern mask. Two different 
masks are considered: a constant side-lobe of -30 dB (Design 
1), and a tapered side-lobe of -25 dB to -40 dB (Design 2). A 
two term fitness function is defined which evaluates the 
radiation performance of the array in terms of the peak gain for 
each beam and the side lobe levels in the entire angular space 
based on the mask requirements [5]. For the optimization a 
swarm population of 150 particles is selected for the PSO and 
two symmetry planes are defined to reduce the size of the 
solution hyperspace. Experimental studies showed that for the 
tapered mask, the penalty for the main-beam fitness term had to 
be increased to achieve a better performance, thus a third 
design with double penalty for main-beam fitness was also 
studied (Design 3). A summary of the gain performances of 
these three designs is given in Table I. 

TABLE I. SINGLE-FEED QUAD-BEAM TRANSMITARRAYS 

Transmitarray Gain (ideal elements) Gain (QLDSL elements) 

Design 1 25.19 dB 24.56 dB 

Design 2 24.95 dB 24.15 dB 

Design 3 25.35 dB 24.77 dB 

 

 

Fig. 1. Element mask for a Ku-band quad-beam transmitarray 

antenna using quad-layer double-square loop elements. 

In summary, all three quad-beam transmitarrays studied 
here achieved a good multi-beam performance, which 

demonstrates the effectiveness of the proposed approach for 
multi-beam designs. In comparison between the three designs, 
Design 3 achieves the highest gain, with the best overall 
radiation performance in the entire angular space. The radiation 
pattern for this design along with the transmitarray element 
mask is given in Figs. 1 and 2, respectively. 

 

Fig. 2. Radiation patterns of the quad-beam transmitarray 

antenna at 13.5 GHz. 

IV. CONCLUSIONS 

Single-feed transmitarray antennas with simultaneous 
multiple beams are investigated in this paper, through case 
studies of quad-beam designs. Phase synthesis is achieved 
using the particle swarm optimization method, and different 
far-field pattern masks and fitness functions are studied in 
order to improve the radiation performance of the design. A 
Ku-band single-feed quad-beam transmitarray antenna using 

quad-layer double-square ring elements with 50 elevation 
separation between the beams and achieving 24.77 dB gain for 
each beam is demonstrated.  

ACKNOWLEDGMENT 

This work is supported by NSF award # ECCS-1102269. 

REFERENCES 

 
[1] A. Yu, F. Yang, A. Z. Elsherbeni, and J. Huang, “Transmitarray 

antennas: an overview,” IEEE APS/URSI Symp., Washington, US, July 

2011. 
[2] A. H. Abdelrahman, F. Yang, and A. Z. Elsherbeni, “Transmission phase 

limit of multilayer frequency selective surfaces for transmitarray 

designs,” IEEE Trans. Antennas Propag., vol. 62, no. 2, pp. 690-697, 
February 2014. 

[3] P. Nayeri, F. Yang, and A. Z. Elsherbeni, “Design of multifocal 

transmitarray antennas for beamforming applications,” IEEE AP-S, 
Florida, U.S., July 2013. 

[4] P. Nayeri, F. Yang, and A. Z. Elsherbeni, “Design and experiment of a 

single-feed quad-beam reflectarray antenna,” IEEE Trans. Antennas 
Propag., vol. 60, no. 2, pp. 1166 - 1171, Feb. 2012. 

[5] P. Nayeri, F. Yang, and A. Z. Elsherbeni, “Design of single-feed 

reflectarray antennas with asymmetric multiple beams using the particle 
swarm optimization method,” IEEE Trans. Antennas Propag., vol. 61, 

no. 9, pp. 4598–4605, Sep. 2013. 

[6] D. W. Boeringer and D. H. Werner, “Particle swarm optimization versus 
genetic algorithms for phased array synthesis,” IEEE Trans. Antennas 

Propag., vol. 52, no. 3, pp. 771–779, Mar. 2004. 

[7] P. Nayeri, A. Z. Elsherbeni, and F. Yang, “Radiation analysis 
approaches for reflectarray antennas,” IEEE Antennas Propag. 

Magazine, vol. 55, no. 1, pp. 127–134, Feb. 2013. 

 

-90 -60 -30 0 30 60 90
-50

-40

-30

-20

-10

0

 (degrees)

R
a
d

ia
ti
o
n

 P
a
tt
e
rn

 (
d
B

)

 

 
xz plane

yz plane

1265


