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Analysis of a folded reflect-array antenna
using particle swarm optimization

sabine dieter, christoph fischer and wolfgang menzel

In this paper, a method for design and optimization of folded reflect-array antennas is proposed based on particleswarm
optimization (PSO). In addition to such a powerful optimization algorithm, two further requirements have to be fulfilled.
The first one is a good and fast algorithm for the exact prognosis of the far-field radiation diagram, resulting from a specific
element configuration on the reflector. Additionally, a good choice of the fitness function for the evaluation of the resulting
radiation diagrams is necessary. In both, reflect-array-related aspects such as phase truncation, reflection losses, and cell dis-
continuities have to be considered. Antenna optimization based on this technique is presented in this paper at the example of
two 77 GHz folded reflect-array antennas. The efficiency of this approach is demonstrated with these examples, and the results
are verified by measurement, showing an excellent agreement with the specifications of the diagram masks. The implemented
tool, including a realistic antenna diagram preview, allows the investigation of the design parameters’ influence on the
antenna performance, such as illumination amplitude, high substrate losses, and phase truncation.
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I . I N T R O D U C T I O N

Planar reflect-array antennas [1] show the advantages of
compact size, low weight, reduced cost, and easy fabrication.
The principle of folded reflect-array antennas [2] is illustrated
in Fig. 1.

The input wave from the feed is reflected at the polarization
grid. Then, a second reflection occurs, this time on the lower
reflector, which is designed as an array of reflector elements,
e.g. metallized rectangular patches on a backside-metallized
substrate. Due to a polarization twist on the array, the wave
then passes the polarization grid. Additionally, the reflection
elements act as phase shifters, which compensate for free-
space phase delays and add specific phase angles. In this
way, a multitude of far-field diagrams can be synthesized.

Optimization methods for such folded reflect-array anten-
nas have been investigated in the past, e.g. with Newton’s
method [3]. The principle of the presented optimization
process for the reflect-array antenna is shown in Fig. 2. In the
first step, the antenna diagram is calculated for a set of input
parameters, which will be discussed in Section II. The resulting
output diagram F should be very accurate, as the whole further
proceedings will depend on these results. The difference
between the desired antenna diagram (specification mask)
and the calculated intermediate results is evaluated by the
fitness function, see Section III. If the achieved diagram fulfills
the antenna requirements given by the mask, the actual

configuration could be chosen to be the final design, this
would terminate the process. Otherwise, in the next iteration,
the diagram calculation is restarted with a new set of input par-
ameters. The criteria for the chosen new parameters are based
on the respective optimization algorithms and also depend on
already achieved results from previous iterations. The features
of the used algorithms are explained in Section IV.

I I . C O M P U T A T I O N O F T H E
A N T E N N A D I A G R A M

Besides the chosen optimization algorithm, the realistic pre-
diction of an antenna diagram, resulting from a given con-
figuration of the reflector at a certain frequency point, is an
important requirement for the whole process. For this
purpose, a mathematical tool has been developed for the
diagram extraction, which makes use of the following steps:

– The free-space phase delay of the incident electrical field on
the lower reflector is calculated by quasi-optical ray tracing.

– The amplitude of the incident electrical field on the lower
reflector is determined. Therefore, the radiation pattern
of the feed has been incorporated in the quasi-optical
model [4].

– The complex reflection coefficient for each patch on the
reflector surface is computed by use of a frequency-selective-
surface (FSS) simulation tool [5]. Dependent on the used FSS
unit cell, not all phase angles can be realized. At a frequency of
77 GHz, the complex reflection coefficient is computed
dependent on the dimensions of rectangular structures as
they are shown in Fig. 1.
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According to these points, both the phase angles as well as the
amplitude distribution are considered where the amplitude
depends on the feed illumination and the reflection amplitude
of each reflect-array cell. Tests have shown that especially the
amplitude of the illumination has an important influence and
must not be neglected in order to obtain a realistic estimation
of the resulting far-field diagram. To take into account the
effect of the element diagram of each reflector, a correction
factor cos Q is multiplied with the resulting group diagram
FGroup(Q, F), which is also called array factor of a group
antenna:

F(Q, F) = cos QFGroup(Q, F) (1)

This factor cos Q is only a simplified assumption of the
element diagram of a single patch on the reflector. However,
this approximation is sufficient, as can be seen in the compari-
son between the simulated and measured antenna diagrams
(Fig. 3) of a folded reflect-array antenna with design criteria
also used in Section V.

I I I . F I T N E S S F U N C T I O N

The definition of the fitness function is an important factor for
the quality of the final optimization result. Here, the fitness
function evaluates the far-field diagram resulting from a given
configuration of the reflector structure, as shown in Fig. 2.
The output parameter is a scalar value, which stands for the
deviation between the achieved diagram and an ideal reference
mask. An example of a pencil beam far-field diagram and a cor-
responding mask is given in Fig. 4. The fitness function evalu-
ates the gain of the antenna, its 3 dB beam width and the
side-lobe suppression as well. Here, the evaluation is done by
upper mask limits (e.g. 230 dB in the marked region of the
side lobes in Fig. 4.) and lower mask limits – for the pencil
beam diagram in Fig. 4, only a lower limit in the region of
the main beam is reasonable. The angular position of this
mask determines the desired beam width.

Besides the far-field diagram, in this work, the fitness func-
tion includes an additional criterion for evaluation of the
reflector configuration. On the one hand, the design of a
reflect-array has the freedom of an overall absolute phase
angle offset. On the other hand, the phase angle range of the
elements is limited, resulting in phase angle steps of 3608
and large changes of adjacent patch geometries. The choice
of the overall phase angle offset allows using a reflectorFig. 2. Optimization process of the antenna.

Fig. 3. Comparison between measured and simulated results of a folded reflect-array antenna without (left) and with diagram correction by the element factor
(right).

Fig. 1. Principle of a folded reflect-array antenna.

Fig. 4. Example of the antenna mask for a pencil beam diagram.
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configuration with small changes of geometries in the strong
illuminated regions of the reflect-array. This behavior is also
included in the fitness function, allowing optimal reduction
of such large elements’ variations. Thus, by calculating geo-
metrical differences of adjacent patch elements, the continuity
of the geometrical patch dimensions on the reflector surface is
taken into account. In order to evaluate the geometrical con-
tinuity for a current reflector design, the difference of adjacent
reflector elements is summed up in x- and y-dimension on the
reflector and weighted with a constant factor.

I V . O P T I M I Z A T I O N P R O C E S S

Particle swarm optimization (PSO) was introduced in [6, 7] as
a powerful optimization method, using a swarm of birds as a
model for the algorithm. Based on this example given by
nature, swarms of particles identifying possible solutions of
a problem, move through the solution space and use personal
and group memory in order to find an optimum solution.
There exist several publications based on this algorithm pre-
sented in [6], only a few important for this work are listed
here [7–9]. As this method is applicable in all fields of
science, it is also suitable for optimization problems in the
microwave area, e.g. in [8].

The detailed application for this algorithm is explained in
[10] and is combined with a very effective method introduced
in [11] in order to decrease the number of parameters that
have to be optimized. Instead of optimizing the phase of
each reflector element, only the weights of the basis functions,
describing the phase distribution on the reflector, are opti-
mized. This rigorously reduces the number of parameters
and therefore enforces rapid convergence. This principle
was adapted within this approach and could reduce the

number of parameters within the optimization process from
N ¼ 2000 to a number of N , 8.

In the overall process, as shown in Fig. 2, the choice of new
parameters assumes a continuous phase angle distribution,
but the computation of the diagram still uses single-patch
properties, such as phase truncation and the magnitude of
the reflection coefficient. The overall process has the advan-
tage of fast optimization, combined with a better performance
due to the consideration of the single-patch behaviour in the
antenna diagram computation and the consideration of the
cell geometries.

V . M E A S U R E M E N T R E S U L T S

The general specifications of the optimized and fabricated
folded reflect-array antennas are listed in Table 1. First, we
present an antenna design based on the parameters in
Table 1 and cosec2 characteristics. The diagram mask can be
seen in Fig. 5. The used substrate is RT-Duroid 5880 from
Rogers with a permittivity 1r ¼ 2.2 and a thickness of
0.127 mm.

Figure 5 shows both the simulation and measurement
result of the cosec2 antenna. The optimization routine
results in a good match between specification and measure-
ment. Even better results have been achieved for the design
of an offset-beam antenna with main beam at Q ¼ 2258,
see Fig. 6. The chosen substrate was RO4003C from Rogers
with the permittivity 1r ¼ 3.38 and a thickness of 0.51 mm.
The results show a very good optimization performance
regarding reduced side-lobe level and small beam width of
the main beam. Figure 6 also shows a good matching
between theory and measurement results. The two curves
are almost identical. A slightly increased side-lobe level in

Table 1. Specifications of the fabricated folded reflect-array antennas.

Frequency 77 GHz
Reflection elements ca. 2000
Antenna diameter 123 mm
Antenna height 30 mm
Unit cell size on the array 2.14 mm × 2.14 mm
Antenna diagrams cosec2 and offset-beam

Fig. 5. Comparison between measurement and simulation for the optimized cosec2 antenna.
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the measurements are caused by non-ideal effects, some of
those are phase errors and depolarization effects due to fabri-
cation tolerances and due to edge effects, surface waves, and
specular radiation effects on the reflector.

Compared to other optimization methods used for design of
folded reflect-array antennas [3], very good results could be
achieved for that antenna type with the presented method.
Because of the different requirements of the respective antenna
designs the optimization results cannot be compared directly.

V I . I N V E S T I G A T I O N S O F D E S I G N
P A R A M E T E R S

The precise diagram computation feature included in the
described tool enables the analysis of the impact of design
restrictions on the resulting antenna diagram, such as phase
truncation, amplitude effects, and the usage of substrates
with higher losses.

A) Phase truncation
Single-layer unit cells usually cover a phase angle range of less
than 3608. One degree of freedom concerning the reflector
configuration is an overall phase angle offset. The impact of
this offset is investigated with the developed antenna design
tool (Fig. 7).

The compared antenna diagrams, both optimized for an
offset beam at 308, are designed on the basis of unit cells,

covering all possible phase angles. After that a phase trunca-
tion was introduced affecting the range from 330 to 3608
(Fig. 7 left) and 300 to 3608 (Fig. 7 right). For each configur-
ation, the respective antenna patterns are shown without
angular offset and using an offset that reduces the degradation
of the pattern. As expected, it turns out that a phase angle
error symmetrically distributed over the reflector results in a
lower side lobe level. Apart from that, it is important to
avoid large phase error in regions that essentially contribute
to the antenna pattern, e.g. the strongly illuminated center
region of the antenna.

B) Influence of amplitude effects
Besides the phase errors also the influence of the amplitude of
the incident and reflected field was investigated. The results
are show in Fig. 8, which compares the far-field diagram for
one reflector configuration with three methods of diagram
computation including phase-only process, one method with
illuminating amplitude but no reflection amplitude and the
most accurate version considering both amplitude effects.
Here, the reflector configuration is the same for all three
diagram curves. The difference is that certain effects concern-
ing the amplitude distribution on the reflector are neglected
during pattern computation. For common radio frequency
(RF) substrates with their low reflection losses, the effect on
the elementary cell’s reflection amplitude is small. But the illu-
mination of the reflector may not be neglected, as one can see
in the differing computed diagrams with phase-only or con-
stant amplitude conditions (Fig. 8).

Fig. 8. Consideration of different amplitude effects in diagram computation
for a certain reflector configuration.

Fig. 7. Influence of a phase offset in the reflector design for unit cells with total phase angle range of 3308 (left) and 3008 (right).

Fig. 6. Comparison between simulated diagram after optimization and
corresponding measured diagram for the offset-beam antenna at 77 GHz.
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C) Substrates with high losses
In the following, another aspect related to the reflection coef-
ficient should be investigated on a fictive, simplified
reflect-array antenna in theory. There is a uniform illumina-
tion assumed, by a point source in the antenna axis, as the illu-
mination aspects have already been investigated in the
previous section. Due to the rotational symmetry only the
center row should be considered.

In Fig. 8 one can see, that the magnitude of the reflection
coefficient of low-loss substrates can be assumed as D ¼ 1,
as only a few elements on the whole reflector operate directly
at the resonant length with maximum losses. Assuming lossy
dielectrics with a loss tangent in the order of 0.02, we can see
another effect on the antenna diagram. For this investigation,
a simple centrally fed reflect-array antenna is assumed, which
is not folded and consists of 16 × 16 reflection elements.
These fictive unit cells cover the whole phase angle range of
3608. The expected linear phase angle progression in the
center row of the reflector is shown in Fig. 9 (left). The period-
icity of the unit cells is chosen to 0.55l. For the computation
of the diagram a constant amplitude distribution is assumed
which leads to a side-lobe level of 213 dB (Fig. 9 right).

Consideration of the high losses of the substrate leads to
quasi-periodical amplitude drops, whenever a patch is close
to resonance, as it is shown in Fig. 10 (left). In the respective
antenna diagram, Fig. 10 (right), one can see high side-lobes at
regular angular distances u. They can be calculated by

u = arcsin
l

d
2k + 1

2
+ Dw

2p

( )[ ]
(2)

whereas k [ Z is the side-lobe order, d the periodic distance of
cell points with amplitude drop, and Dw is the
linear-phase-angle progression between adjacent cell points.
From Fig. 10 (left) a periodicity of five cells can be obtained.
Applied to (2), the analytically expected and the simulated
side-lobe positions are matching. The quasi-periodic ampli-
tude pattern on the reflector acts like a configuration with
an equivalent element distance of 2.75l on the array. Hence,
the side lobes can be interpreted as the grating lobes of an
under-sampled array.

V I I . C O N C L U S I O N

In this paper, the design and optimization of two folded
reflect-array antennas for 77 GHz was presented using PSO.
It has been shown that by use of a powerful optimization
method, an accurate extraction of the antenna diagram from
the reflector configuration, and a reasonable choice of the
fitness function, convincing optimization results can be
achieved. Besides optimizing maximum power in the direction
of the main beam, the shape of the antenna diagram can be
specified, including the side-lobe level or even more detailed
profiles, like e.g. a cosec2 characteristic. The functionality of
the optimization process is verified by two antenna designs
and measurement results for 77 GHz, i.e. one offset-beam
antenna and one antenna with a cosec2 pattern. The influence
of design parameters on the antenna performance, including
illumination amplitude, high substrate losses, and phase trun-
cation, were investigated using the developed tool, including
the antenna diagram preview.

Fig. 9. Ideal phase angle on the reflector (left) and corresponding offset beam diagram with phase-only optimization (right).

Fig. 10. Relative amplitude on the reflector using a substrate with high losses (left) and corresponding simulated antenna diagram with high side lobes (right).
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