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1 Introduction 

1.1 Background 

Recent decades have witnessed the rapid evolution of wireless sensing and 
communication systems aimed at the consumer market. The antenna is a key 
component in any of these systems, and the selection criteria for a commercial success 
include the antenna performance, size, weight, and cost. 
Conventional antennas are often parabolic reflectors. Although they are efficient 
radiators and of high gain, they have large masses and, due to their curved shapes, are 
bulky and occupy large spaces. On the other hand, planar printed reflectarray antennas 
have gained wide popularity due to the ever-growing trend toward system integration 
and miniaturization. They are advantageous because of their low profile, lightweight, 
ease of fabrication, and low cost. Pure planar antennas mostly get increasing losses with 
increasing size; thus, a quasi-planar approach is used in this work. In this thesis, printed 
metallic patches on dielectric substrates with and without cover are investigated and 
utilized for the design of planar reflectarrays for a wide variety of antenna applications. 
The printed reflectarray surfaces can be manufactured using simple and low-cost 
etching processes, especially when produced in large quantities. 
Lenses are an alternative antenna type for narrow-beam antennas. Dielectric lenses, 
however, typically are relatively thick, heavy, and complicated to fabricate due to their 
specific contour. A possible solution for this problem is planar printed antennas, which 
are thin and lightweight, and can be fabricated easily. 
 

1.2 Organization of the thesis 

Chapter 2 of this thesis addresses the planar reflectarray concept. It first compares the 
parabolic reflector antenna and the planar reflectarray and then introduces the principle 
of the folded planar reflectarray. Details on how to calculate the compensating phase 
angles and how to build the design data are also presented. 
The simulation setup and the design process are described in Chapter 3. To cope with 
the limited phase angle range of the standard reflectarray, more complex reflector 
elements are investigated, and patches with diagonal slots in the corners are designed to 
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compare with the reference one. Rhomb antenna and covered rhomb antenna are 
designed to reduce surface current losses and compared to a standard arrangement of 
the substrate in Chapter 4. 
A number of microwave systems use different frequencies simultaneously, e.g., VSAT 
links with downlink and uplink in the 20- and 30-GHz frequency range, respectively. A 
low-cost realization of planar reflector antennas can be achieved using simple printed 
reflectarrays. In Chapter 5, a new single-layer dual-frequency reflectarray is presented. 
As example frequencies, 20 and 30 GHz have been selected. 
In the second part of this chapter, the folded reflectarray antenna principle is extended 
to operation at two separate frequencies. 

Finally, Chapter 6 describes the design of a planar lens based on an array of 
coupled-strip planar filter structures; the required phase delay is adjusted by the 
different center frequencies of the respective filters. An example lens at 25 GHz has 
been designed, fabricated, and tested. 
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2 Planar Reflectarray Concept 

 
In recent years, with the rapid development of communication and sensor applications, 
antennas with high gain, low profile, low loss and low production cost have become of 
increasing importance. 
Conventional parabolic reflector antennas have been widely used in both terrestrial and 
satellite communication systems. They are always considered as high-gain antennas [1]. 
Although they introduce low losses and are efficient radiators, parabolic antennas 
suffer from their large size and high production costs.  
Arrays of horn antennas, with a waveguide-feed network or waveguide slotted arrays, 
are somewhat complicated in their design, and they do not readily lend themselves to 
low-cost fabrication. 
Microstrip patch array antennas are characterized by their low fabrication cost and a 
low profile [2] but suffer from low gain and high losses. 
A novel type of antenna that combines the advantages of both parabolic and planar 
array antennas is the planar reflectarray antenna. Planar reflectarray antennas are 
characterized by their low profile, high gain, low loss and low production costs.  
This chapter introduces the planar reflectarray antenna, which combines the advantages 
of both traditional parabolic reflector and planar printed microstrip arrays, but with the 
disadvantage that the feed in front of the antenna leads to aperture blocking. As an 
alternative solution, the folded reflectarray is presented. 
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2.1 Planar reflectarray 

The concept of a planar printed reflectarray antenna is explained using the conventional 
parabolic reflector antenna. The parabolic reflector antenna, as shown in Figure 2.1, 
consists of a reflector and a feed horn located in the focal point of the reflector. A 
spherical wave is emitted from the feed horn and is reflected back from the reflecting 
surface as a plane wave. The parabolic shape of the reflector provides equal path 
lengths and attempts to adjust the required phase angle of the reflected wave. The 
reflector provides equal path lengths; thus, this antenna is inherently broadband. After 
being reflected from the parabolic reflector, the emitted spherical wave from the feed 
horn is transformed into a plane wave. 
 

 

 
Figure 2.1: Sketch of the parabolic reflector antenna. 

 
 
However, parabolic surfaces tend to result in large volumes. An antenna with a planar 
reflector seems to be a good choice. The parabolic reflector can be replaced by a planar 
reflector consisting of a printed array of dipoles or patches on a grounded substrate.  
An antenna that combines some of the best features of the microstrip antenna 
technology together with those of reflector antennas is called the reflectarray antenna 

Plane wave

Reflector Spherical 
wave 

Feed horn 
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[3]-[14]. Figure 2.2 shows the principle of a reflectarray antenna after replacing the 
parabolic reflector by the printed reflectarray. 
 

 

 
Figure 2.2: Sketch of the printed reflectarray antenna. 

 
 
Each individual patch can be considered as a fixed reflection phase shifter. There are 
two popular methods for adjusting the respective phase angles. One method is to use the 
same dimension for every patch with variable stub for tuning the reflection phase 
[15][16][17]. The other approach is to use variable-sized patches to control the phase 
[18][19][20]. 
In this thesis, only phase adjustment via size is used. The basis for the design procedure 
of the reflectarray antenna as described in this thesis is a periodic array of dipoles 
printed on a single dielectric substrate with backside metallization. The wave incident 
on the reflectarray is completely reflected; the phase angle, however, depends on the 
dipole length and, to a minor degree, on the dipole width [21][22]. 
One significant advantage of the printed reflectarray is that, when a large aperture (e.g., 
10 m in size) spacecraft antenna requires a deployment mechanism, the flat structure of 
the reflectarray enables a much simpler and more reliable folding mechanism compared 
with that required for the doubly curved surface of a parabolic reflector. 

Plane wave

Reflector Spherical 
wave 

Feed horn 

d 
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Although the reflectarray has the advantage of small volume and low production cost 
compared with parabolic antennas, there is one distinct disadvantage. In parabolic 
antennas, the reflector provides equal path lengths; thus, this antenna is inherently 
broadband. In the reflectarray, the path compensation is replaced by phase 
compensation (incl. modulo 2π) and thus is more narrowband. This narrow bandwidth 
is its inherent characteristic [24][25] and generally cannot exceed much beyond ten 
percent depending on its element design, aperture size, focal length, etc. 
 

2.2 Principle of folded reflectarray antenna 

In this thesis, the reflectarray antenna diameters are always 100 mm and 180 mm. The 
printed reflectarray antenna still is characterized by its large antenna depth. Moreover, 
it has nearly the same depth as the parabolic antenna. In addition, the position of the 
feed in front of the antenna, and also an offset feed, may lead to aperture blocking. To 
solve these problems, a folded reflector antenna has been proposed [26][27][28] 
whereby the feed of the antenna is moved to the surface of the reflectarray. The 
principle of the folded reflectarray antenna [23] is shown in Figure 2.3. 
 

 
 
Figure 2.3: Sketch of the folded reflectarray antenna showing part of the layout of a 
typical reflectarray. 
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Basically, the setup of this type of antenna consists of a feed, a planar polarizing grid or 
slot array and printed reflectarray. A wave from the feed horn is incident on a polarizing 
grid with a polarization such that the wave is reflected back to the planar reflectarray, 
which simultaneously adjusts the necessary absolute phase angle to form a plane wave 
and twists the polarization 90˚, and then passes through the polarizing grid. It is 
obvious from Figure 2.2 and Figure 2.3 that the antenna depth of the reflectarray 
antenna can be reduced in this manner. With its low profile and need for the fabrication 
of only two printed substrates, this antenna provides an interesting alternative for 
sensor and communication applications. 
The planar polarizing grid or slot array functions as a polarization filter, which fully 
reflects the wave with one polarization, and is fully transparent for a wave with 
orthogonal polarization. The reflectarray is the key component that reflects the incident 
wave with a 90˚ twisting of the polarization and compensates the phase difference 
between different propagation ways to transform the incident spherical wave into a 
plane wave in the far field. 
To realize the two functions, the axes of the printed reflectarray patches are tilted by 45˚ 
with respect to the incident electric field. The electrical field vector of the incident wave 
can be decomposed into two sub-vectors, which are parallel to the axes of the 
reflectarray patch, shown in Figure 2.4. 
 

 
 

Figure 2.4: Principle of polarization twisting. 
 
 
One dimension of the patch (e.g., Ly) is designed to deliver an absolute reflection phase 
angle to the incident wave to compensate the phase difference between different 
propagation ways; therefore, the patch size in this dimension is dependent on its 
position on the reflectarray. Furthermore, the patch with the orthogonal dimension (e.g., 
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Lx) adds an extra phase difference of 180˚ to this absolute reflection phase angle above. 
Therefore, when the incident wave is reflected by the reflectarray, the polarization of 
one sub-vector of the reflected wave is changed by 180˚ with respect to the other 
sub-vector. Superposition of the reflected field sub-vectors forms a reflected wave with 
a 90˚ twisted polarization compared to the incident wave. 
Such a twisting performance is possible for a wide variety of combinations of patch 
width and length, differing only in the absolute reflection phase angle. This overall 
phase shift is adjusted according to the focusing (phase shifting) requirements of the 
reflector. The outgoing plane wave can pass the grid or slot array. The original design 
of this antenna once again is achieved based on an infinite periodic structure with 
normal incidence of a plane wave. For varying dipole dimensions, the reflection phase 
angles are calculated in both principal polarizations. The necessary 180˚ phase angle 
difference between the two field components of the reflected wave can be achieved 
through a large number of combinations of lengths and widths of patches differing by 
their absolute reflection phase angle. The degree of freedom now is used to adjust the 
required phase angles to transform the incident spherical wave into an outgoing plane 
wave. The optimum combination of phases is then selected from this set of data 
according to both twisting and focusing requirements. 
 

2.3 Design of a printed reflectarray 

2.3.1 Calculation of compensating phase angle 

The basis of the design procedure of reflectarray antennas as described in this thesis is 
an a periodic array of dipoles printed on a single dielectric substrate with backside 
metallization. Typically, the distance between the printed elements is chosen to about 
half a free-space wavelength. In this way, grating lobes can be avoided for all antenna 
arrangements. 
The folded reflectarray cell-element structure is used for dual polarization in this thesis; 
it should have the same dimension along both axes and should be symmetric with 
respect to both axes. The cell always should be chosen as square. In addition, the cell 
size should be small because a large cell can cause grating lobes. The procedure for the 
design of the reflectarray antenna is explained in Figure 2.5. The antenna feed is located 
in front of the reflector. The feed illuminates the surface of the reflector, which consists 
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of an arrangement of printed patch elements. The distances from the feed to all 
elements are different, which leads to variable phase delays. For a folded reflectarray, 
the focal length is twice the distance between the array and polarization grid 
(Figure 2.3). 

 

 
Figure 2.5: Geometry for calculation of the compensating phase angles. 

 
 
In Figure 2.5, the cell size is DD . The distance between the adjacent cell elements is 
also D. The cell element that lies at the center of the reflectarray is the 00th element, and 
each other cell element, which lies the point ( DnDm  , ), is called the mnth element. 
The differential distance of each cell element is given as 
 

        00LLL mnmn  ,                                       ( 2 . 1 ) 

where L00 is the distance between the feed and the reflectarray surface and equal to h. 
L00is the shortest path between the feed and reflectarray surface. Lmn is the distance 
between the feed and the mnth cell element. Because the distance between the mnth 
element and the 00th element is equal to 22 )()( DnDm  , and (2.1) is  
 

        00
222

00 )()( LDnDmLLmn                     ( 2 . 2 ) 
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The compensating phase angle needed for each cell element mn  can be calculated as 
  

       0

222

0
00

0

2)()(2)(2










hDnDmhLLL mnmnmn   

                                                                ( 2 . 3 ) 

  is the wave constant, equal to 02  , and 0  is the vacuum wavelength of the 
antenna’s working frequency. 
To find the cell dimension accordingly, mn  must be between 0 degrees and 360 
degrees. Equation (2.3) can also be represented in the following form: 
 

        












 360)(

00 
 mnmn

mn
LL

                            ( 2 . 4 ) 

where 








0
mnL

 is the floor integer number of 
0
mnL

. In this situation, the compensating 

phase angle will be repeated when its value is larger than 360˚. 
Finally, the phase angle of the mnth element is 
 

cmnmn                                                          (2.5)  

c is a constant phase angle for all elements as an additional degree of freedom. 
 

2.3.2 Analysis techniques 

The basis of reflectarray design is its cell-element characterization [29]. An extended 
approach for the analysis and design of reflectarray antennas is based on the use of 
design curves relating the phase of the reradiated field with a certain geometrical 
parameter of the reflectarray element assuming normal incidence. A typical technique 
for the simulation of the element reflection phase angle is the approach using an infinite 
array of identical elements [30], which includes the effect of the surrounding elements. 
This approach can be calculated using the method of moments (MOM) technique or 
equivalently using a finite difference time-domain method (FDTD) [31].  
On the other hand, this approach assumes that the phase response is independent of the 
angle of incidence of the impinging wave. This assumption, usually adopted, is valid 
for the central elements of the centered fed reflectarray. The normal incidence 
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assumption can provide good predictions for center-fed reflectarrays with reasonably 
large F/D. Note that the offset configuration is normally used to avoid the feed shadow 
effect, and the angles of incidence are larger near one reflectarray edge. Thus, this 
approach may not be accurate for those elements near the edge, and the angle of 
incidence must be considered in the design. 
Simultaneously, the reflective element can be analyzed as an isolated element or in an 
array environment. It was stated in [32] that mutual coupling can be neglected when the 
distance between the edges of adjacent patches is larger than 0.25 wavelengths in the 
dielectric, as already used in printed arrays [33]. The printed elements are normally 
arranged in a periodic square lattice whose sides are approximately 0.5–0.7 
wavelengths (or smaller) to avoid the appearance of grating lobes for any angle of 
incidence. Then, the distance between patch edges typically is smaller than 0.25λ, and 
mutual coupling may not be negligible. The effect of mutual coupling can be stronger 
for reflectarrays based on variable-sized patches because the dimensions of some 
patches are larger than the half-wavelength in the dielectric and because the separation 
between patches is small. 
For elements with variable-sized patches, the reflectarray is analyzed by assuming local 
periodicity, that is, each element is considered in an array environment with all the 
elements being identical. This approach is accurate when the variation in patch 
dimensions is smooth from one cell to the next because it considers all mutual coupling 
between patches. The local periodicity approach is inaccurate only in the case of a small 
number of patches where the surrounding patches are of very different dimensions. 
The commercial software Microwave Studio by CST [41] is used for the analysis and 
design of printed reflectarrays. This software tool can be used to obtain the phase 
curves for a reflectarray element in an infinite array environment. The phase curves 
obtained by a simulation tool can be used to determine the dimensions of the 
reflectarray elements in an approximate design method, therein ignoring the effect of 
the angle of incidence. 
 

2.3.3 Building the design data 

The most important and critical step of the reflectarray design is its element 
characterization. If the element design is not optimized, the reflectarray will not scatter 
the signal from the feed effectively to form an efficient far-field beam. Four important 
parameters that govern the element selection and design are the element reflection 
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phase, the element beamwidth, the element bandwidth, and the element reflection 
efficiency.  
As the elements are quite small in this thesis, their beamwidths normally are sufficient. 
The basis for the design procedure of reflectarray antennas as described in this 
dissertation is a periodic array of dipoles printed on a single dielectric substrate with 
backside metallization. Figure 2.6 shows a sketch of a typical single-layer reflectarray 
element, with a substrate thickness h. 
 

 
 
Typically, the distance between the printed elements is chosen to about half a 
free-space wavelength.  
The reflecting patch is a simple rectangular patch, as shown in Figure 2.4. Duroid 

material with a thickness h of 0.254 mm and a dielectric constant 휀  of 2.22 is used as 
the substrate in this example. The frequency is 76.5 GHz, and the element distance is 
2.3 mm in both directions. The metallization patch thickness is 0.017 mm. Lx is 
constant and equal to 0.4 mm. The calculations have been done by Microwave Studio 
software (details described in Section3.1.1). In Figure 2.7, the reflection phase angle is 
plotted as the blue curve for a plane wave incident from broadside. 
The result of such calculations for elements with a constant patch width Lx typically is 
a curve of the reflection phase angle versus the patch length Ly, which is generally an 
S-shaped curve with a nonlinear relationship. The resulting phase angle with a 
thickness of 0.254 mm varies by nearly 360°. Meanwhile, in the characteristic phase 
angle curves, the slope is highest at the resonant length of the patch. Therefore, patches 

Backside metallization 

Reflect-patch 

h Substrate 

Figure 2.6: Sketch of the folded reflectarray. 
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of these lengths give the main contribution to phase angle errors due to etching 
tolerances. 
The dependence on the patch width Lx is mostly relatively small. In Figure 2.8, the 
complete dependence on both dimensions is shown, and with a constant patch length Ly, 
the patch width Lx only has a small influence. 
The slope at the center of the curve in Figure 2.7(a) should be minimized so that the 
phase change will not be overly sensitive to the element change. When the slope is too 
steep, the change in element size would be very small for a certain change in phase 
angle. This can allow fabrication tolerance to become an issue, in particular at high 
microwave frequencies. Otherwise, when the slope of the phase angle versus element 
changes is steep, the slope of the phase angle versus frequency changes would normally 
also be steep, which would decrease the bandwidth of the antenna. 
It is also important to ensure that the selected element will cover a phase change in as 
close to 360 ° as possible. 
The bandwidth performance of a reflectarray [34][35] is not comparable to that of a 
parabolic reflector, where theoretically infinite bandwidth exists. To achieve wider 
bandwidth, techniques such as using a thick substrate for the patch, stacking multiple 
patches [36][37] have been employed. In this dissertation, by increasing the substrate 
thickness, a much smoother slope of the phase variation and therefore broader 
bandwidth can be achieved. 
The resonance in Figure 2.7 (b) of the element is also important here because in this 
case electric field and currents on the patch become much larger resulting in the losses. 
In Figure 2.7, the red curve shows the phase angle for rectangular patch elements on 
substrates with a thickness h=0.508 mm. The slope and losses are reduced, but the 
phase angle range is also reduced to approximately 270°, which is much less than 360°. 
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(a) 

 

 
 

(b) 
 

Figure 2.7: (a) Phase angle and (b) reflection amplitude for rectangular patch elements 
on substrates with different thicknesses h.  
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In contrast to the common reflectarray design for a constant patch width, a curved 
surface of the reflection phase angle versus the two-dimensional patch geometry is 
shown in Figure 2.8. 
 
  

 
 
 
Figure 2.8: Curved surface of reflection phase angle versus the element change in two 
dimensions. 
 
 
As seen, the reflection phase angles of the dipoles mainly depend on the patch length 
Ly. In this dissertation, a square cell is typically used; then, the reflection properties for 
the orthogonal polarization can be obtained by interchanging Lx and Ly. After 
including some minor corrections of the element geometry, the reflectarray can be 
designed for mostly independent performance in the two polarizations. In this way, 
antennas with two different radiation diagrams, two different feed positions, or even 
two different frequencies of operation can be realized [38]. That is also the major basis 
of folded reflectarray designs, where the phase differences between the two 
polarizations are 180°. 
For the design of a reflectarray antenna, the necessary phase shift, adjusted by the 
respective patch dimension, is determined using a simple ray tracing procedure. 
Although the original assumptions of a structure with equal element size and a 
broadside incidence of the waves are no longer true, and although the complete range of 
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angles is not covered, this method has proven to give reasonably good antenna results. 
Nevertheless, efforts have been undertaken to use a thicker substrate with smoother 
phase variations and then to develop new structures with an extended range of phase 
angles, as described in Chapter 3. 
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3 Folded reflectarray antennas with 
elements of increased phase angle range 

 
A typical printed reflectarray element consists of a dielectric substrate with printed 
simple metal rectangular patches, as discussed in Chapter 2. This element adjusts the 
reflection phase simply by its geometry and suffers from a small phase angle range of 
only 300˚… 320˚, which may increase the phase error and affects the antenna 
performance. From Figure 2.7, it seems that the phase angle range may be increased 
using a thinner dielectric substrate; however, this leads to a very steep phase slope as a 
function of patch size, requiring high fabrication accuracy, and to high losses around 
the resonance length. The modified antennas demand an extended phase range and a 
flatter phase angle behavior. 
This problem can be overcome by dual- or triple-layer reflectarrays [39]. The 
underlying principle is based on coupled resonances, thus doubling or tripling the 
available range of phase angles. However, for some applications, such as in automotive 
radars, such multilayer substrates, with their increased fabrication effort and cost, are 
not acceptable.  
The realization of coupled resonators on a single layer is one solution to this problem. 
In this chapter, the analysis and design procedure of the folded reflectarray is presented 
in the first section, and then, an antenna with simple rectangular patches is measured as 
the reference antenna. In Section 3.3, a novel single-layer diagonal patch/slot antenna 
with two resonances and extended reflection phase angle range is proposed. In this case, 
a thicker substrate is used, resulting in a flatter phase angle curve.  
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3.1 Analysis and Design Procedure of Folded Reflectarray 

 
The calculation technique of the reflectarray antenna has been discussed in Chapter 2. 
This section describes the folded reflectarray antenna design. 
For a folded reflector antenna, additional considerations have to be made. First, because 
the polarization grid acts as a mirror reflecting the incident wave from the feed back to 
the reflector, it is possible to remove the polarization grid, locate the feed in front of the 
reflector at a distance equal to twice the distance between the reflectarray and the 
polarization grid, and calculate the compensation phase angle as in Section 2.3.1.  
Second, the patches of a folded reflector are tilted by 45˚, as shown in Figure 2.4, with 
respect to the incident electric field, i.e., the incident electric field is no longer parallel 
to the patch lengths and widths. The calculation for this arrangement of patches can be 
performed in two steps: In the first step, the polarization of the incident electric field is 
parallel to the x-axis, i.e., to the patch dimension in the x-direction. In the second step, 
the polarization of the incident electric field is parallel to the y-axis, i.e., to the patch 
dimension in the y-direction. The correct superposition of the two results gives the final 
performance of the folded reflector antenna. 
In this thesis, only symmetric structures in square cells are used, and only one 
polarization is used to calculate the elements for varying dimensions. The other 
polarization is obtained by simply exchanging width and length in the data set.   

3.1.1 Simulation setup 

To characterize the radiating cell element of an array, several approaches for simulation 
have been proposed. As a simple and natural approach, a simulation model with an 
equivalent TEM waveguide can be introduced to characterize the element’s phase [40]. 
Using CST Microwave Studio, a simulation model can easily be built. This model 
assumes that a TEM wave is vertically incident on an infinite array of a periodic printed 
structure, which is supported by a conducting ground plane, as illustrated in the 
Figure 3.1. 
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Figure 3.1: Simulation model in Microwave Studio. 
 
For the calculation of this simulation model, both the transient solver (T!) and 
frequency-domain solver (F!) of Microwave Studio in CST [41] can be used to 
calculate the phase information of the reflection coefficient. 
The transient solver gives the exciting signal to the input port. The exciting signal 
contains the desired frequency range. It allows the simulation of a structure’s behavior 
in a wide frequency range in just a single computation run, especially for devices with 
open boundaries or large dimensions. However, the main problem of the time-domain 
solver are resonant structures where the computation time becomes quite long; 
therefore, the frequency-domain solver is faster in such cases when the structure’s 
behavior is required at only one or a few frequency points. 
 

 
Figure 3.2: Reduction of a mesh cell with the symmetry of the cell structure. 
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Using symmetric cell elements, results in symmetrical field distributions. A very 
simple example of such a cell element is the rectangular patch shown in Figure 3.2, 
where the symmetry planes can be sequentially regarded as an electric wall and a 
magnetic wall. The upper-right part of the waveguide will then form a small waveguide. 
In this way, the mesh cell can be reduced to simply analyzing one-fourth of a cell. 

3.1.2 Patch Design 

To fulfill both the twisting and focusing requirement of a folded reflectarray, the simple 
result of the cell element characterization (Chapter 2) is not sufficient. 
For the requirement of twisting, it is necessary to determine element dimensions 
with180˚phase-angle differences in the two polarizations. To simplify this task, square 
unit cells are selected such that an illumination with the two polarizations is equivalent 
to exchanging the width and length of the patch. 
For the curved surface of the phase angle versus lengths and width of an element, such 
as in Figure 2.9, projected onto a plane, the results can be seen more clearly in 
Figure 3.3. 
Both curves, which are symmetrical along the line Ly = Lx, include sets of dimensions 
for which the phase angle in the two polarizations differs by 180˚. For example, the 
points (a, b) and (b, a) in Figure 3.3 indicate two elements for which the width and 
lengths are exchanged and the phase difference is 180°. 
Figure 3.3 also shows the process of searching symmetrical point pairs. The point pairs 
(a, b) and (b, a) are symmetrical along the line Ly = Lx, which means that they are at the 
same distance to the line Ly = Lx, and the line between both points is normal to the line 
Ly = Lx. Therefore, symmetric points on the line normal to the diagonal are calculated 
and checked until the phase difference on both points is 180˚. The same action is 
repeated until all point pairs with 180˚ phase differences are found. Sometimes, it is 
time consuming to search the exact point; in this case, a linear interpolation is suggested 
to shorten the search time. 
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Figure 3.3: Symmetrical curves with a 180˚ phase difference. 

 
 
The set of such point pairs is two continuous curves with phase information on the 
plane surface, which are symmetrical to the line Ly = Lx. 
According to Figure 3.3, the phase information from the lower curve is called f1, and 
that from the upper curve is called f2. Ly is the patch size in the y-dimension, and Lx is 
the patch size in the x-dimension. To characterize these two curves, curve fitting 
methods, such as interpolation with a polynomial or with splines, can be applied here. 
These methods of curve fitting provide a large advantage for calculating the design data 
such that only a few point pairs need to be calculated and such that the full curve’s 
information can be derived with good accuracy.  
To use this information from both curves for the design, the information needs to be 
reconstructed.  
Thus, at first, two new curves f1 = f1(Ly) and f2 = f2(Ly) should be picked from both 
curves of point pairs. Both new curves can be used for choosing the element size in the 
y-dimension based on a required phase angle. Sometimes, for example, simple 
rectangular patches do not provide a phase range of 360˚, and this is one reason why 
composed elements are needed. 

Second, another two curves Lx = g1(Ly) of f1 and Lx = g2(Ly) of f2 can be found from 
both curves of point pairs. The two curves are used for choosing the element size in the 
x-dimension for a specific y-size of the cell element. 
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The four curves f1 = f1(Ly), f2 = f2(Ly), Lx = g1(Ly) and Lx = g2(Ly) are the goals of 
this section. They supply the final design data, which will be used for the reflectarray 
design in the next section. 

3.1.3 Reflectarray Design 

From the geometrical design, the arrangement of elements on the reflectarray is 
obtained, and through the simulation and selection of the cell structure in Chapter 2, the 
element size is also obtained. Because the arrangement of cells on the folded 
reflectarray in our designs is symmetrical along the x-axis and y-axis, only a quarter of 
the elements need to be calculated. 
The size of the elements at a given position (x, y) can be chosen with the design data. 
f1 = f1(Ly) and f2 = f2(Ly) described above from a specific compensating phase angle 
calculated in Section 2.3.1. It should be mentioned that there is a free overall phase 
constant and that this and the design data have to be selected and arranged properly to 
directly transfer the required phase angles into an array geometry Ly. 
Using Lx = g1(Ly) and Lx =g2(Ly), the size of each cell element of the reflectarray can 
be chosen. 
The last step of this section is drawing the layout. Although only one-fourth of all cell 
elements need to be designed, there are normally over 1000 cell elements used to model 
the reflectarray; therefore, the layout is automatically realized by a computer script. 
 
 

3.2 Reference antenna 

3.2.1 Reference antenna structure 

The reference antenna is a folded reflectarray antenna arrangement solely employing 
simple rectangular patches [42]-[46]. The diameter of this reference antenna is 100 mm, 
and the antenna has a depth of 26 mm. The polarizer consists of a grid printed on a 
substrate with a thickness of 1.143 mm and a dielectric constant of 2.2. The focusing 
and twisting reflector is fabricated on a RO 5880 Duroid material with a thickness of 
0.254 mm with a dielectric constant of 2.2. The metallization thickness is 0.017 mm. 
The cell size is 2.3 mm×2.3 mm. The element characteristics are shown in Figure 2.8. 
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The phase angle range and geometry of the elements have to be taken from the curves 
discussed in Section 3.1.2. The phase angle range of the reference antenna is 
approximately 340°. 
A photo of this reflector with rectangular elements is shown in Figure 3.4. Figure 3.4(a) 
is a photo of the reflector. Figure 3.4(b) shows the lateral view of the assembled antenna 
with the polarizing grid above the reflector. 
 

 
 

 
 

 
(a)                                       (b) 

 
Figure 3.4: Images of the antenna with rectangular elements. (a) Reflector. (b) Lateral 
view of the assembled antenna. 

 

3.2.3 Antenna Measurement 

Far-field measurements of the antenna have to be performed in the antenna chamber in 
the department. With the equipment of the department, a typical setup for antenna 
measurements working at W-band frequencies or higher was used for the testing of the 
two newly built antennas, shown in Figure 3.5. 
The figure shows the block diagram for the measurement of an antenna operating at a 
frequency of 76.5 GHz. 
As the receive antenna, the Antenna under Test (AUT) is placed on a turntable in the 
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absorber room assuming a good free-space environment. A W-band horn antenna is 
used as the transmitting antenna. The transmitting horn antenna and the AUT are placed 
in the anechoic chamber and connected to the ports of a vector network analyzer with 
ZVAZ Millimeter-Wave Converters, which then send the measured data to the 
computer via Ethernet. 
The walls and floor of the anechoic chamber are covered with RF absorbing materials 
to simulate free-space conditions. Rotating of the turntable is conducted by a stepper 
motor, which is controlled using a position controller. The VNA (vector network 
analyzer) receives trigger signals from the position controller. 
 
 

 
 

Figure 3.5: Far-field measurement setup. 
 
 

For the measurements in this thesis, the software “xazel” controls the turntable to rotate 
in a certain angle range with a given step size, in this case, 0.2˚. The measurement of the 
radiation diagram is realized by recording the IF signals at every angle. 
The SGH-12 Standard Gain Horn was used as a reference antenna in the gain 
measurement. The gain of the SGH-12 at each testing frequency is shown in the 2nd 
column of Table 4.4. The maximum amplitude difference (AD in dB) between the AUT 
(Antenna under Test) and the SGH is calculated and shown in the 3rd and 5th columns. 
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3.2.3 Results 

The antenna was tested in the frequency range from 70 GHz to 82 GHz with steps of 0.5 
GHz. The measured azimuth radiation diagrams of the complete antenna at 76.5 GHz in 
two planes are plotted in Fig. 3.6. The 3 dB beamwidth of the antenna in the E-plane is 
2.99˚, and that in the H-plane 3.18˚. The sidelobe level in the E-plane is -25 dB, and that 
in the H-plane is -32 dB. The 3 dB beamwidth of the antenna corresponding to the 
E-plane and H-plane for the frequencies between 70 GHz and 82 GHz are also shown in 
the 2nd and 3rd columns of Table 3.1. Φ3dB is the 3 dB beamwidth in the E-plane, and 
Θ3dB is the 3 dB beamwidth in the H-plane. 
 

 
 
Figure 3.6: E-plane and H-plane radiation diagrams of the reference antenna at 76.5 
GHz. 
 
 
The gain of the AUT is obtained by adding the standard gain horn gain and the 
maximum amplitude difference. The measured gain of the reference antenna is shown 
in the 4th column of Table 3.1 and plotted in Figure 3.7. 
To observe the effect of the 3 dB beamwidth on the antenna gain, the gain is calculated 
using the approximate Formula 3.1, with Φ3dB and Θ3dB being the 3 dB beamwidth in 
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the two planes in degrees. This formula already includes a “standard” level of sidelobes; 
however, in this thesis, the resulting value is used for gain relations only. Based on this 
formula, the loss in gain due to the higher antenna beamwidth is calculated using 
Eq. 3.2: 
 

Antenna calculated gain =
dBdB 33

27000


                         (3.1) 

        Loss in gain =  
 

                                       (3.2) 

 
The calculated gain of the reference antenna is shown in the 5th column of Table 3.1. 
 
 

Frequency/GHz 
E-plane H-plane Measured 

gain/dB 
Calculated 

gain/dB Φ3dB/degree Θ3dB/degree 

70 3.97 4.2 26.75 32.09 

71 3.24 3.43 29 33.86 

72 3.38 3.68 32.2 33.37 

73 3.24 3.45 32.2 33.83 

74 3.08 3.62 32.7 33.84 

75 3 3.38 32.5 34.25 

76 2.89 3.27 33.7 34.56 

76.5 2.99 3.18 33.82 34.53 

77 3.01 3.27 33.5 34.38 

78 2.99 3.37 33.1 34.28 

79 2.93 3.2 33.35 34.59 

80 2.89 3.28 32.85 34.55 

81 2.88 3.23 32.65 34.63 

82 2.99 3.28 29.2 34.40 

 
Table 3.1: 3 dB beamwidth and gain of reference antenna. 
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Figure 3.7 shows the measured and interpolated gain of the reference antenna as 
functions of frequency. At the design frequency of 76.5 GHz, the antenna gain is 
33.8 dB, which is the maximum gain of this antenna, and the 3 dB gain bandwidth is 
10 GHz. The relative bandwidth is 13% (=10 GHz / 76.5 GHz). 
Figure 3.8 shows the loss in gain as a function of frequency. This loss of the reference 
antenna is more than 3 dB at frequencies less than 71 GHz and higher than 81 GHz. At 
the designed frequency of 76.5 GHz, the 3 dB beamwidth of the rectangular antenna in 
the E-plane is 2.99˚, and that in the H-plane 3.18˚, which leads to the smallest loss in 
gain of 0.7 dB. 
 
 

 

 
Figure 3.7: Measured gain of the reference antenna. 
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Figure 3.8: Reference antenna loss in gain due to the higher 3 dB beamwidth as a 
function of frequency. 
 
 
The results obtained using this simple antenna with a rectangular patch will be 
compared to those using the new antennas as a reference design. 
 

3.3 Patches with diagonal slots in the corners (diagonal slot 

antenna) 

3.3.1 Element design 

As a first structure with increased phase angle range, a rectangular patch with diagonal 
slots in the edges is investigated; one quarter of the double symmetric structure is 
shown in Figure 3.9. The elements are printed on an RT Duroid 5880 substrate (εr=2.22, 
substrate thickness h=0.508 mm) with backside metallization. 
With the typical approach, the behavior of the reflectarray elements is investigated 
using a periodic array of elements and a normal incident wave as shown before. The 
solver is the frequency-domain solver. The polarization is parallel to the outer edges of 
the metallization. The design frequency is 76.5 GHz; the cell size is 2.5 mm×2.5 mm; 
Lx is the horizontal length of the patch; Ly is the vertical length of the patch, which is 
parallel to the polarization of the incident wave; lx is the horizontal height of one slot; 
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and ly is the vertical length of the slot. 
The slots must not be too wide or too long to ensure that they do not touch each other; 
nevertheless, the phase angle range should be sufficiently large. After some initial 
investigations, the slot width w is chosen as w= 0.2 mm. 
 

 
 

Figure 3.9: Sketch of one quarter of the element with diagonal slots in the corners. 
 
 
To determine the values of lx and ly, another parameter r is introduced. r is defined as the 
ratio of the strip length and patch length (lx=r·Lx/2; ly=r·Ly/2, see Figure 3.9). With 
Lx=1.5 mm, the respective reflection phase angle and reflection coefficient with 
different r are calculated and plotted in Figure 3.10.  
  

lx 

ly 
Ly/2 

Lx/2 

w 
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(a) 
 

 
(b) 

 
Figure 3.10: (a) Reflection phase angle for diagonal slot antenna elements with 
different r. (b) Reflection amplitude for diagonal slot antenna elements with different r. 
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With the polarization parallel to the vertical length, the length Ly is adjusted for the 
reflection phase angle. In Figure 3.10(a), the red curve is the reflection phase angle of 
the diagonal slot element with r=0.7 as a function of the vertical length Ly; Lx is 
constant and equal to 1.5 mm. The blue curve is the same for r=0.75 and the black curve 
for r=0.8.  
Figure 3.10(b) shows the amplitude of the respective reflection coefficient for 
different r. 
In Figure 3.10(a), for the red curve with r=0.7, a phase angle range of 540˚ is achieved 
with a Ly range of 0.7…2.4 mm, which is much larger than the 340˚ of the reference 
antenna. The slope is also reduced because of the larger substrate thickness of 
0.508 mm. It can be seen clearly that there are two resonances in the diagram. For the 
blue curve, the phase angle range with r=0.75 is 460˚, which is less than the red curve of 
540˚ but larger than 360˚. Since the slots must not touch each other, the Ly change 
range is reduced to 0.8…2.4 mm, and the phase angle range is also reduced. For the 
diagonal slot elements with r=0.8, the phase angle range is reduced to 320˚, and the Ly 
range is 0.9…2.4 mm. It can be seen that the slope of the phase angle curve with r=0.75 
is less than that of r=0.7 at the second resonance.  
Reflection amplitude losses are plotted in Figure 3.10(b). Two maximum losses can be 
recognized at the two resonances, where higher losses occur for the second resonance 
as an indicator of higher field strengths and currents. The maximum attenuation of the 
diagonal slot antenna element in Figure 3.10(b) with r=0.7 is 0.34 dB. The maximum 
attenuation values for r=0.75 and r=0.8 are 0.23 dB and 0.18 dB, respectively. 
Considering the phase angle and amplitude, an r value of 0.725 has been selected. The 
phase angle range is greater than 460˚ because of the two resonances, and the slope of 
the phase angle curve is less than that of r=0.7 at the second resonance. The Ly change 
range is 0.7…2.4 mm. The maximum attenuation is less than 0.34 dB at the second 
resonance. lx and ly are then valued as lx=0.363 Lx and ly=0.363 Ly. 
After choosing the element structure, the phase angles for different element dimensions 
are computed; the value of each parameter is an arithmetic progression with a common 
difference of 0.1 mm. The resulting data are plotted in Figure 3.11. 
The curved surface of the reflection phase angle versus the element change in two 
dimensions is shown in Figure 3.11; the parameters Lx and Ly are changed from 
0.7 mm to 2.4 mm. Figure 3.11 also shows some influence of the horizontal length Lx 
on the angles. 
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Figure 3.11: Phase angle behavior of the diagonal slots antenna at 76.5 GHz. 
 
 

3.3.2 Array design  

In 3.1, the method of determining the patch size for the different positions on the array 
was presented. To fulfill the twisting and focusing requirements, it is essential to find 
two symmetrical curves with a 180˚ phase angle difference from the reflection phase 
angle surface. The searching process locates the pair of symmetric points (Lx, Ly) 
along the line Lx+Ly=k. This line is vertical to the line Ly=Lx, and k is a constant. For 
this reflectarray, k is changed from 1.8 mm to 3.1 mm with steps of 0.1 mm. The 
calculated data are listed in Table 3.2.  
The variables Φ1 and Φ2 are the reflection phase angles corresponding to the points (Lx, 
Ly) and (Ly, Lx). The corresponding two symmetrical curves φ1 and φ2 with a 180˚ 
phase angle difference are shown in Figure 3.12(a). As described earlier, the reflection 
phase angles are then extracted as a function of Ly alone and plotted in Figure 3.12(b). 
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Line x+y=k/mm Lx/mm Ly/mm Φ1/deg. Lx/mm Ly/mm Φ2/deg. 
1.8 0.705 1.095 207.1 1.095 0.705 387.05 
1.9 0.775 1.125 181.9 1.125 0.775 361.832 
2.0 0.806 1.194 157.5 1.194 0.806 337.55 
2.1 0.81 1.29 140.6 1.29 0.81 320.9 
2.2 0.803 1.397 129.4 1.397 0.803 309.38 
2.3 0.789 1.511 122.8 1.511 0.789 303.05 
2.4 0.774 1.626 118.18 1.626 0.774 297.83 
2.5 0.758 1.742 114.19 1.742 0.758 294.23 
2.6 0.743 1.857 110.7 1.857 0.743 290.23 
2.7 0.728 1.972 106.22 1.972 0.728 286.52 
2.8 0.716 2.084 100.97 2.084 0.716 280.59 
2.9 0.706 2.194 93.26 2.194 0.706 272.92 
3.0 0.699 2.301 81.47 2.301 0.699 261.69 
3.1 0.709 2.391 52.45 2.391 0.709 231.7 

 
Table 3.2: Data of the symmetrical point pairs with a 180˚ phase angle difference of the 
diagonal slot antenna. 
 

 
 

(a)                                  (b) 
Figure 3.12: (a) Symmetrical point pairs of the diagonal slot antenna. (b) Phase shift as 
a function of with Ly of the symmetrical point pairs of the diagonal slot antenna. 
 
The element sizes are then determined according to Chapter 2.3, and the data are 
exported to the layout system. The layout of the fabricated diagonal slot antenna is 
shown in Figure 3.13. Figure 3.13(a) shows the layout of the whole reflector, and 
Figure 3.13(b) is the enlarged center part of the reflector layout.  
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                                        (a) 
 

 
                                        (b) 
 
Figure 3.13: (a) Layout of the diagonal slot antenna. (b) The enlarged center part of the 
diagonal slot reflector layout. 
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3.3.3 Results 

In this section, the measurement results of the diagonal slot antenna are presented. The 
radiation patterns as well as the antenna gain are plotted. The loss in gain is calculated 
with a 3 dB beamwidth from the radiation diagrams. The novel antenna is compared to 
the reference antenna. 

3.3.3.1 Radiation Diagrams 

The radiation diagram of the diagonal slot antenna is measured from 69 GHz to 82 GHz 
with steps of 1 GHz. The normalized radiation patterns of the diagonal slot antenna at 
76.5 GHz are plotted in Figure 3.14. The red curve is the measured radiation pattern in 
the E-plane, and the blue curve is that in the H-plane. The 3 dB beamwidth of the 
antenna in the E-plane is 3.29˚, and that in the H-plane 3.37˚. The sidelobe level in the 
E-plane is -25 dB, and that in the H-plane -28 dB. The 3 dB beamwidth corresponding 
to the E-plane and H-plane for the frequencies between 69 GHz and 82 GHz are shown 
in the 2nd and 3rd columns of Table 3.3. Φ3dB is the 3 dB beamwidth in the E-plane, and 
Θ3dB is the 3 dB beamwidth in the H-plane. 

 
Figure 3.14: E-plane and H-plane radiation diagrams of the diagonal slot antenna at 
76.5 GHz. 
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3.3.3.2 Measured antenna gain and loss in gain 

The diagonal slot antenna is measured in the frequency range of 69 GHz to 82 GHz 
with a resolution of 1 GHz. The SGH-12Standard Gain Horn was used as a reference 
antenna in the measurement. The measured gain of the diagonal slot antenna is shown 
in the 4th column of Table 3.3. 
To identify loss contributions in greater detail, the influence of the beamwidth is 
calculated based on the measured antenna characteristics. To observe the effect of the 
3 dB beamwidth on the antenna gain, the gain is calculated using the approximate 
Formula 3.1, with Φ3dB and Θ3dB being the 3 dB beamwidth, as shown in Table 3.3. 
Based on this formula, the loss in gain compared to the reference antenna is determined. 
The calculated gain of the diagonal slot antenna is shown in the 5th column of Table 3.3. 
 

Frequency/GHz 
E-plane H-plane Measured 

gain/dB 
Calculated 

gain/dB Φ3dB/degree Θ3dB/degree 

69 3.28 3.28 30.32 34.00 

70 3.20 3.50 31.03 33.82 

71 3.38 3.49 32.84 33.60 

72 3.46 3.54 33.32 33.43 

73 3.17 3.33 34.00 34.08 

74 3.10 3.35 33.63 34.15 

75 3.04 3.46 33.08 34.09 

76 3.17 3.37 33.43 34.03 

76.5 3.29 3.37 33.37 33.87 

77 3.15 3.44 33.09 33.96 

78 3.12 3.35 32.4 34.12 

79 3.31 3.54 32.12 33.63 

80 2.98 3.40 31.84 34.26 

81 2.87 2.98 30.33 34.99 

82 3.21 3.00 27.41 34.48 

 
Table 3.3: 3 dB beamwidth and gain of the diagonal slot antenna. 

 
The measured and interpolated gains of the diagonal slot antenna are shown in 
Figure 3.12 as functions of frequency compared to the reference antenna. At the design 
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frequency of 76.5 GHz, the gain of the diagonal slot antenna is 33.37 dB.  
The reference antenna gain at 76.5 GHz is 33.8 dB, which is its maximum gain, and the 
3 dB bandwidth is 10 GHz. The relative bandwidth ratio is 13%. The maximum antenna 
gain of the diagonal slot antenna is 34 dB at 73 GHz, and the 3 dB bandwidth is 
10.6 GHz. The relative bandwidth is 13.9%, which is slightly larger than that of the 
reference antenna. 
The maximum gain of the diagonal slot antenna is higher than the rectangular antenna 
because of the large reflection phase angle range, which reduces the phase errors and 
the losses. 
From Figure 3.15, it can be seen that the diagonal slot antenna performs better in the 
lower frequency range; its gain is larger than the reference gain within the frequency 
range of 70…75.5 GHz [47]. 
 

 
 

Figure 3.15: Measured gain of the diagonal slot antenna and reference antenna. 
 
 
Figure 3.16 shows the loss in gain as a function of frequency. This loss of the diagonal 
slot antenna is more than 3 dB at frequencies of less than 70 GHz and higher than 
80.3 GHz.  
Figure 3.16 also shows that the loss in gain of the diagonal slot antenna is less than that 
of the reference antenna within the frequency range of 70…77 GHz. At 73 GHz, the 
maximum measured gain is obtained, and the loss in gain is minimal.  
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Figure 3.16: Loss in gain of the diagonal slot antenna and reference antenna. 
 
 
To further analyze the performance of the diagonal slot antenna, the radiation diagrams 
of the lower and higher frequency are presented. It was previously known that the loss 
in gain of the diagonal slot antenna is less than 3 dB in range of 70 GHz to 80.3 GHz. 
Figure 3.17 and Figure 3.18 present a comparison of the E-plane radiation diagrams of 
the diagonal slot antenna and the reference antenna at 70 GHz and 80 GHz, 
respectively.  
In Figure 3.17, the diagonal slot antenna shows a sidelobe level of approximately -20 
dB at 70 GHz, while the sidelobe level of the reference antenna is -17 dB. The 3 dB 
beamwidth of the diagonal slot antenna is 3.2˚, while that of the reference antenna is 
3.98˚. The diagonal slot antenna presents a better performance in terms of both 
mainlobe and sidelobe levels in the lower frequency range. 
In Figure 3.18, the reference antenna shows a side lobe level of approximately -20 dB at 
80 GHz, while the sidelobe level of the diagonal slot antenna is -18 dB. The 3 dB 
beamwidths are 2.89˚ and 2.98˚, respectively.  
From the two figures, it can be observed that the diagonal slot antenna performs better 
especially in the lower frequency range with respect to sidelobe levels and beamwidth.  
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Figure 3.17: E-plane radiation diagrams of the diagonal slot antenna and reference 
antenna at 70 GHz. 
 

 

 
Figure 3.18: E-plane radiation diagram of the diagonal slot antenna and the reference 
antenna at 80 GHz. 
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3.4 Conclusion 

A folded reflectarray antenna based on elements with two resonances on a single layer 
is presented as a method to extend the phase angle range of the reflectarray antenna.  
A rectangular patch with diagonal slots in the edges is investigated and found to present 
a phase angle range of more than 460˚ due to the two resonances.  
The design procedures are shown in Section 3.1, and the measurement results are 
shown in Section 3.3. The diagonal slot antenna achieves a better performance, 
especially in the lower frequency range with respect to sidelobe level and beamwidth. 
The bandwidth is 10.6 GHz, and the loss in gain is less than 3 dB within the frequency 
range of 70 GHz to 80.3 GHz. 
In this work, also in cooperation with colleagues and students, some modified 
structures based on multiple elements and combined with slots are proposed, e.g., 
three-finger antennas [14][48][49][68]. Although their phase angle ranges are also 
increased, the large cell size results in higher losses due to increased phase angle and 
polarization errors, mainly caused by a larger dependency of the reflection phase angles 
on the angle of incidence of the wave. 
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4 Rhomb antenna and covered rhomb 
antenna 

 

4.1 Covered and uncovered patch 

In Chapter 3, coupled resonators on a single layer were used to increase the phase angle 
range. In addition, a thicker substrate can be used to obtain a flatter phase curve.  
A modified structure is proposed in this chapter. As a first measure, interleaved 
rhombic shapes are used to obtain a denser arrangement of patches and potentially 
further reduce losses. This is because one reason for the higher losses is due to 
polarization errors for increasing angle of incidence toward the reflector edge, an issue 
largely related to the large cell size. 
Another approach to reducing antenna losses is proposed by reducing current losses in 
the reflector elements. 
 

 
 
 
 
 
 
 
 

 
(a)                                 (b) 

 
Figure 4.1: Sketch of the surface current. (a) Current on the rough metallization side. 
 (b) Current on the smooth metallization side. 
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With many PTFE substrates, the interface between the substrate and metallization is 
roughened to ensure a good bonding strength of the metallization on the substrate. In 
the usual reflector arrangement, the surface current is flowing on the rough 
metallization side at the interface to the substrate, thereby leading to increased losses; 
see Figure 4.1(a). In the new approach, as indicated in Figure 4.1(b), the metallization 
has been etched on a thin substrate. This is then bonded face down on a thick base 
substrate. In this way, the main surface current is flowing on the smooth outer side of 
the metallization, reducing current losses. 
A rhomb antenna without cover layer and one with a covered antenna are designed, 
fabricated, tested, and compared to each other. 

 

4.2 Elements design  

With rhomb-shaped reflector elements, neighboring resonator structures can be placed 
closer together, resulting in the compact reflector shown in Figure 4.2 (a) and (c). In 
addition, a covered rhomb antenna is built to reduce the current loss, as indicated in 
Figure 4.2 (b) and (c). The design frequency is 76.5 GHz. 
Figure 4.2 (a) shows the sketch of uncovered rhomb antenna. The reflector element 
only includes the rhomb patch and the substrate1. The height of the substrate1 (h1) is 

0.254 mm, and the permittivity is 휀 =2.22. The metallization thickness is 0.017 mm. 
Figure 4.2 (b) shows a sketch of the covered rhomb antenna. The rhomb patch is etched 
on a thin substrate2 and then bonded face-down onto substrate1. The height of 
substrate2 (h2) is 0.127 mm, and the permittivity is 휀 =2.22. The bonding layer is 
0.02 mm thick. Substrate1 and the rhomb patch are the same as in Figure 4.2 (a).  
The principle element and unit cell for the rhomb antenna with and without cover is 
indicated in Figure 4.2 (c). The planar structure is extended periodically into both 
directions. Lx is the horizontal length of the rhomb patch, and Ly is the vertical length 
of the rhomb patch parallel to the polarization of the incident wave. The unit cell is 
indicated by a red square frame. The cell size is 2.4 mm×2.4 mm. Only one quarter of 
the cell is simulated with the CST Microwave Studio. 
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(c) 

 
Figure 4.2: (a) Sketch of the uncovered rhomb antenna element. (b) Sketch of the 
covered rhomb antenna element. (c) Principle element and unit cell for the rhomb 
reflector. 
 

 
With the polarization parallel to the vertical axis, the length Ly is adjusted for the 
reflection phase angle. Some interdependence of the angles is due to the horizontal 
length Lx. Typical reflection phase angle curves of the rhomb patch and covered rhomb 
patch are plotted in Figure 4.3. In this diagram, the red curve is the reflection phase 
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angle of the rhomb antenna element as a function of the vertical length Ly, with Lx 
being constant and equal to 1.5 mm. The blue curve is the same for the covered rhomb 
patch, and for comparison the black curve is for the rectangular patch with Lx=0.4 mm.  
 

 

 
Figure 4.3: Reflection phase angle for the rhomb patch, covered rhomb patch and 
rectangular patch elements. 
 

 
 
Figure 4.4: Reflection amplitude for the rhomb patch, covered rhomb patch and 
rectangular patch elements. 
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Figure 4.4 shows the respective amplitudes of the reflection coefficient.In Figure 4.3, 
the phase angle range of the covered and uncovered rhomb patches are 280˚…285˚, 
which is smaller than the 330˚ of the rectangular patch. It can be seen that the phase 
angle curves of the rhomb and covered rhomb patch elements are flatter than that of the 
rectangular patch elements. 
Due to the additional dielectric layer, the phase angle curve for the covered rhomb 
patch element is shifted by approximately 0.3 mm compared to the rhomb patch 
without cover. The maximum attenuation of the rhomb patches is 0.1 dB and smaller 
than the 0.28 dB of the rectangular patches (Figure 4.4).  
With the rectangular patch, a wider phase angle range can be achieved but at the 
expense of slightly higher losses and a higher sensitivity with respect to fabrication 
tolerances because of the steeper slope of the reflection phase angle curve. 
 

4.3 Array design  

The method of determining the patch size at different positions of the array has been 
presented previously. To fulfill the twisting and focusing requirements, it is essential to 
find two symmetrical curves with a 180˚ phase angle difference from the reflection 
phase angle surface. The design process locates the pairs of symmetric points (Lx, Ly) 
along the line Lx+Ly=k. This line is vertical to the line Ly=Lx and k is a constant. 
For the rhomb elements, k is varied from 1.7 mm to 3.6 mm with steps of 0.1 mm. The 
cell size is 2.4 mm×2.4 mm. The calculated data of the rhomb elements are listed in 
Table 4.1. The variables Φ1 and Φ2 are the reflection phase angles corresponding to the 
points (Lx, Ly) and (Ly, Lx). The corresponding two symmetrical curves φ1 and φ2 
with the 180˚ phase angle difference are shown in Figure 4.5 (a), and Figure 4.5 (b) 
shows the phase shift as a function of Ly of the symmetrical point pairs of the rhomb 
elements. 
Similarly to Chapter 3, the main design goal of the rhomb antenna is to determine the 
values of the patch lengths Lx and Ly for each cell on the reflectarray. The two curves 
φ1 and φ2 in Figure 4.5 (b) are used to determine the vertical rhomb length Ly for each 
cell of the reflectarray. The required phase angle range is 360˚, but the phase angle 
range of φ1 andφ2 is only 105˚ for each of the two curves. The remaining phase angle 
values correspond to the closest curve endpoints. The horizontal length Lx is 
determined from Figure 4.5 (a). 
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Line x+y=k/mm Lx/mm Ly/mm Φ1/deg. Lx/mm Ly/mm Φ2/deg. 

1.7 1.593 0.107 129.1 0.107 1.593 -51.09 

1.8 1.614 0.186 128.9 0.186 1.614 -51.93 

2.0 1.636 0.364 127.8 0.364 1.636 -52.41 

2.2 1.646 0.554 125.2 0.554 1.646 -55.09 

2.4 1.651 0.749 119.7 0.749 1.651 -60.16 

2.6 1.662 0.938 109.5 0.938 1.662 -70.45 

2.8 1.698 1.102 91.48 1.102 1.698 -88.59 

3.0 1.786 1.214 66.97 1.214 1.786 -113.1 

3.2 1.936 1.264 44.95 1.264 1.936 -135.1 

3.4 2.127 1.273 31.08 1.273 2.127 -149.1 

3.6 2.335 1.265 21.92 1.265 2.335 -158.1 

 
Table 4.1: Symmetrical point pairs with a 180˚ phase angle difference for the rhomb 
antenna without cover. 
 

 

 
Equivalently, Table 4.2 shows the data of symmetrical point pairs with a 180˚ phase 
angle difference for the covered rhomb antenna. Figure 4.6 (a) displays the symmetrical 
point pairs of the covered rhomb reflectarray antenna, and Figure 4.6 (b) shows the 

(a) (b) 
 

Figure 4.5: (a) Symmetrical point pairs of the rhomb elements. (b) Phase shift as a 
function of the Ly of the symmetrical point pairs of the rhomb elements. 
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phase shift versus Ly of the symmetrical point pairs of the covered rhombus reflectarray 
antenna. 
The two curves φ1 and φ2 in Figure 4.6 (b) are used to determine the vertical patch 
length Ly for each cell of the covered rhomb reflectarray, and the horizontal length Lx is 
determined from Figure 4.6 (a).  

Line x+y=k/mm Lx/mm Ly/mm Φ1/deg. Lx/mm Ly/mm Φ2/deg. 

1.5 1.364 0.136 99.23 0.136 1.364 -79.41 

1.6 1.392 0.208 98.77 0.208 1.392 -80.67 

1.8 1.430 0.370 96.89 0.370 1.430 -83.07 

2.0 1.457 0.543 92.73 0.543 1.457 -87.28 

2.2 1.480 0.720 85.36 0.720 1.480 -94.32 

2.4 1.514 0.886 71.89 0.886 1.514 -108 

2.6 1.583 1.017 51.04 1.017 1.583 -129.1 

2.8 1.707 1.093 28.18 1.093 1.707 -151.7 

3.0 1.880 1.120 11.43 1.120 1.880 -168.6 

3.2 2.079 1.121 0.8994 1.121 2.079 -179 

3.4 2.291 1.109 -5.452 1.109 2.291 -185.4 

 
Table 4.2: Symmetrical point pairs with a 180˚ phase angle difference for the covered 
rhomb antenna. 
 

 

 

(a)                                    (b) 
 

Figure 4.6: (a) Symmetrical point pairs of the covered rhomb elements. (b) Phase 
shift as a function of the Ly of the symmetrical point pairs of the covered rhomb 
elements. 
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From the precalculated phase angle performance of both the covered and uncovered 
rhomb structures, the two arrays are determined according to Chapter 2.3, and the data 
are exported to the layout system. The layout of the rhomb reflectarray (without cover) 
is shown in Figures 4.7. The patches are etched on the thick base substrate. Figure 4.8 
shows the layout of the covered rhomb antenna. The patches are etched on a thin 
substrate and then bonded face down on a thick base substrate. 
 

 

 
Figure 4.7: Layout of the rhomb antenna. The patches are etched on the base substrate. 
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Figure 4.8: Layout of the covered rhomb antenna. The patches are etched on the cover 
substrate. 
 
 
Although, the patches of the rhomb antenna and covered rhomb antenna are all rhombs, 
the layouts are somewhat different. For example, the patches in the center of the 
covered rhomb antenna reflector are larger than those of the uncovered rhomb antenna 
reflector because, as in Figure 4.3, the phase curve is shifted compared to the rhomb 
antenna without cover, which leads to larger elements. 
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4.4 Measurement 

In this section, the measurement results of the rhomb antenna and covered rhomb 
antenna are presented. The radiation patterns as well as the antenna gain are plotted. 
The loss in gain is calculated based on the measured 3 dB beamwidth. The antenna with 
rectangular elements is compared as the reference antenna. 
 

4.4.1 Radiation diagrams 

The radiation diagram of the rhomb antenna is measured from 70 GHz to 85 GHz, with 
a resolution of 1 GHz. The normalized radiation patterns of the rhomb antenna at 76.5 
GHz are plotted in Figure 4.9. The red curve is the measured radiation pattern in the 
E-plane, and the blue curve is that in the H-plane. The 3 dB beamwidth of the 
uncovered rhomb antenna in the E-plane is 2.9˚, and that in the H-plane is 3.3˚. The 
sidelobe level in the E-plane is -21 dB, and that in the H-plane is -23 dB. The 3 dB 
beamwidth corresponding to the E-plane and H-plane for the frequencies between 70 
GHz and 85 GHz are shown in Table 4.3. Φ3dB is the 3 dB beamwidth in the E-plane, 
and Θ3dB is the 3 dB beamwidth in the H-plane. 
The normalized radiation patterns of the covered rhomb antenna are plotted in Figure 
4.10 at the frequency of 76.5 GHz. The red curve is the measured radiation pattern in 
the E-plane, and the blue curve is that in the H-plane. The 3 dB beamwidth of the 
covered rhomb antenna in the E-plane is 2.9˚, and that in the H-plane 3˚. The sidelobe 
level in the E-plane is -23 dB, and that in the H-plane is -24 dB. The 3 dB beamwidth of 
the covered rhomb antenna corresponding to the E-plane and H-plane for frequencies 
between 70 GHz and 85 GHz is also shown in Table 4.3. 
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Figure 4.9: E- and H-plane radiation diagrams of the rhomb antenna at 76.5 GHz. 
 
 

 

 
Figure 4.10: E- and H-plane radiation diagram of covered rhomb antenna at 76.5 GHz. 
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Frequency/GHz 

Rhomb antenna Covered rhomb antenna 

E-plane H-plane E-plane H-plane 

Φ3dB/degree Θ3dB/degree Φ3dB/degree Θ3dB/degree 

70 3.80 3.84 3.45 3.51 

71 3.17 3.33 3.28 3.21 

72 3.41 3.44 3.30 3.40 

73 3.21 3.40 3.26 3.50 

74 3.27 3.46 3.32 3.48 

75 3.30 3.15 3.14 3.08 

76 2.88 3.27 2.90 3.13 

76.5 2.88 3.32 2.90 3.02 

77 3.00 3.20 3.07 3.33 

78 3.03 3.16 3.16 3.17 

79 3.03 2.99 2.93 2.96 

80 2.82 3.01 2.80 3.08 

81 2.92 3.13 2.75 3.13 

82 2.80 2.87 2.70 3.06 

83 3.14 3.20 3.45 3.24 

84 3.75 3.79 3.8 3.46 

85 5.55 4.90 4.29 4.26 

 
Table 4.3: 3 dB beamwidth of the rhomb and covered rhomb antennas. 

 

4.4.2 Measured antenna gain 

The SGH-12Standard Gain Horn was used as a reference antenna in the gain 
measurement. The gain of the SGH-12 at each testing frequency is shown in the 2nd 
column of Table 4.4. The maximum amplitude difference (AD in dB) between the AUT 
(Antenna under Test) and the SGH is calculated and shown in the 3rd and 5th columns. 
The gain of the AUT is obtained by adding the SGH-12 gain and the maximum 
amplitude difference. The measured gain of the rhomb antenna is shown in the 4th 
column of Table 4.4, and the measured gain of the covered rhomb antenna is shown in 
the 6th column. 
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Frequency/GHz SGH-12/dB 
Rhomb Antenna Covered rhomb antenna 

AD/dB 
AUT 

Gain/dB 
AD/dB 

AUT 
Gain/dB 

70 23.16 6.04 29.2 7.71 30.87 

71 23.20 6.33 29.53 7.73 30.93 

72 23.25 9.98 33.23 10.48 33.73 

73 23.29 9.31 32.6 9.98 33.27 

74 23.33 9.76 33.09 9.82 33.15 

75 23.37 9.74 33.11 10.78 34.15 

76 23.41 9.65 33.06 10.65 34.06 

76.5 23.43 9.84 33.27 10.53 33.96 

77 23.44 10.31 33.75 10.40 33.84 

78 23.47 10.49 33.96 9.91 33.38 

79 23.50 10.11 33.61 10.43 33.93 

80 23.52 9.65 33.17 10.28 33.8 

81 23.55 9.63 33.18 10.04 33.59 

82 23.57 8.89 32.46 8.21 31.78 

83 23.58 7.48 31.06 6.70 30.28 

84 23.60 7.15 30.75 7.37 30.97 

85 23.61 5.45 29.06 6.27 29.88 

 
Table 4.4: Measured antenna gain of the covered and uncovered rhomb antennas. 

 
 
Figure 4.11 shows the measured and interpolated gain of the covered and uncovered 
rhomb antennas as a function of frequency compared to the reference antenna. At the 
design frequency of 76.5 GHz, the rhomb and covered rhomb antenna gains are 33.3 dB 
and 34 dB, respectively. The gain of the covered rhomb antenna is higher than that of 
the rhomb antenna by approximately 0.7 dB because the current losses are suppressed 
by the use of the superstrate.  
The reference antenna gain at 76.5 GHz is 33.8 dB, which is the maximum antenna gain, 
and the 3 dB bandwidth is 10 GHz. The relative bandwidth is 13%. The maximum 
antenna gain of the rhomb antenna is 34 dB at 78 GHz, and the 3 dB bandwidth is 12 
GHz. The relative bandwidth is 15.7%. The maximum antenna gain of the covered 
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rhomb antenna is 34.2 dB at 75 GHz, and the 3 dB bandwidth is 11 GHz. The relative 
bandwidth is 14.4%. 
At the center frequency, the 3 dB beamwidth of the reference antenna in the E-plane is 
3˚, and that in the H-plane is 3.2˚. The 3 dB beamwidth of the uncovered rhomb antenna 
is 2.9˚ and 3.3˚in the two planes. The covered rhomb antenna gain is higher than that of 
the other two antennas because of the narrowest beamwidth, which is 2.9˚ in the 
E-plane and 3˚ in the H-plane. 
The maximum gain values of the two rhomb antennas are higher than those of the 
reference antenna because of the compact reflector elements, which also reduce the 
losses. Figure 4.11 shows that the gain of the covered rhomb antenna is always larger 
than that of the reference antenna. The maximum bandwidth of the rhomb antenna is 12 
GHz, which is 1 GHz larger than that of the covered rhomb antenna and 2 GHz larger 
than that of the rectangular antenna. 
 

 
 
Figure 4.11: Measured gain of reference antenna, rhomb antenna and covered rhomb 
antenna 
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4.4.3 Loss in gain 

Based on Eq. 3.1, Eq. 3.2 and the beamwidths listed in Table 4.3, the loss in gain is 
calculated as described earlier and compared to the reference antenna. 
Figure 4.12 shows the loss in gain as a function of frequency. This loss of the two 
rhomb antennas is more than 3 dB at frequencies of less than 71 GHz and higher than 
82 GHz. 
 

 
 
Figure 4.12: Loss in gain of the rectangular antenna, rhomb antenna and covered rhomb 
antenna. 
 
Another interesting question concerns the performance of the antenna as a function of 
frequency. It was shown previously that the loss in gain of the two rhomb antennas is 
less than 3 dB in the range of 71 GHz to 82 GHz. Figure 4.13 and Figure 4.14 present a 
comparison of the E-plane radiation diagrams of the three antennas at 71 GHz and 
82 GHz, respectively.  
In Figure 4.13, the rhomb antenna shows a side lobe level of approximately -13 dB at 
71 GHz. The covered rhomb antenna performs similarly to the rectangular antenna. In 
Figure 4.14, the rectangular antenna shows a side lobe level of approximately -8 dB at 
82 GHz, whereas the covered and uncovered rhomb antennas perform better. From the 
two figures, it can be observed that the covered rhomb antenna performs best with 
respect to sidelobe level in both lower and higher frequency ranges.  
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Figure 4.13: E-plane radiation diagram of rhomb, covered rhomb and reference 
antennas at 71 GHz. 
 
 

 
 
Figure 4.14: E-plane radiation diagram of rhomb, covered rhomb and reference 
antennas at 82 GHz. 
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4.5 Conclusion 

As has been shown in this chapter, novel rhomb patch elements for a folded reflectarray 
structure can provide a flatter phase angle slope and lower amplitude losses at the 
resonant length of the patches. Two test antennas with a center frequency of 76.5 GHz 
have been realized, tested, and compared to a standard reflectarray antenna with 
rectangular patches. One is an "open" rhomb antenna with interleaved rhombs as 
elements, and the other antenna is covered with a thin substrate to reduce current losses. 
The design procedures are shown in section 4.3, and the measured results are presented 
in section 4.4. The two novel rhomb antennas, especially the covered rhomb antenna, 
exhibit higher antenna gain due to reduced losses and improved bandwidth. The loss in 
gain is below 3 dB at frequencies between 71 GHz and 82 GHz. The covered rhomb 
antenna performs best with respect to sidelobe levels in both lower and higher 
frequency ranges. 
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5 Dual-frequency reflectarray antennas 
for 20 GHz and 30 GHz 

    
A number of microwave systems use different frequencies simultaneously, e.g., VSAT 
links with downlink and uplink in the 20 and 30 GHz frequency ranges, respectively. 
As mentioned previously, a low-cost realization of a reflector antenna can be achieved 
using simple printed reflectarrays. Dual-frequency reflectarrays have already been 
realized based on multilayer structures [56][57][58][59] by arranging separate elements 
side by side [60] or by using elements operating at different frequencies in the two 
polarizations. In [70], composed split-ring reflector elements are investigated but only 
operate in one linear polarization, and no antenna is demonstrated. Finally, in [62], the 
reflector elements are switched between operating frequencies by p-i-n diodes. 
Recently, two methods of single-layer dual-frequency reflectarray antennas have been 
presented [63][64]. These methods, however, need a feed in front of the reflectors. One 
way to address this problem has been proposed by using folded reflectarray antennas 
for a single frequency band [65]. 
In this chapter, a new single-layer dual-frequency reflectarray is presented. The applied 
principle is similar to that used in [63] and [64]. As example frequencies, 20 and 
30 GHz have been selected. 
In Section 3.2, the folded reflectarray antenna principle was extended to operation at 
two separate frequencies. The focus here is that dual-frequency operation must be 
maintained for two polarizations while adjusting for a phase difference of 180˚ between 
the two polarizations at each frequency. 
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5.1 Single-layer dual-frequency reflectarray 

The principle of the planar reflectarray was discussed in Chapter 2. For a 
dual-frequency antenna, this principle has to be extended to adjust the array elements 
independently for the two frequencies, e.g., 20 and 30 GHz.  
 

5.1.1 Element characteristic 

5.1.1.1 Element design 

To fulfill the dual-frequency requirements, elements are needed to resonate at two 
different, independently adjustably frequencies. This principle is the basis of [63][64], 
and a number of alternative elements for single polarization have already been 
described in [66]. In that work, the double-frequency resonance (with both frequencies 
close together) is used to provide a more wideband and flatter response for a single 
frequency band; however, simultaneously, the two resonances may be selected farther 
away from each other, resulting in effectively two phase angle sections usable for two 
different frequencies. 

For the antenna in this chapter, an element from [66] was selected, as shown in Figure 
5.1. The element is printed on an RT Duroid 5880 substrate ( 22.2r , substrate 
thickness 0.508 mm) with backside metallization. 
With the typical approach, the behavior of the reflectarray elements is investigated 
using a periodic array of elements and a normally incident wave. A simulation is 
conducted with CST Microwave Studio [67]. The solver is the frequency-domain 
solver. The polarization is parallel to the vertical strips. 
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Figure 5.1: Reflector element for the dual-frequency reflectarray (l=6.8 mm, d=1.6 mm, 
t=0.3 mm, bs=bss=0.5 mm). 
 
 
In Figure 5.1, the unit cell is a square, and the length l is 6.8 mm. In the middle of the 
structure, there is a central metal strip parallel to the polarization of the incident wave 
with a width bs = 0.5 mm and a length ls. Another metal patch with a width t = 0.3 mm 
crossing the central strip is added. Two shorter strips with a different resonant length lss 
can be seen at the sides of the central metal strip. They are symmetric, and the distance 
between the two strips d is 1.6 mm. The width of the shorter strips (bss) is also 0.5 mm. 
The coupled structure provides two resonances. 
With the polarization parallel to the vertical strips, the lengths ls and lss are adjusted for 
the reflection phase angle of the lower and upper frequency bands, respectively. Some 
interdependence of the angles is due to coupling of the strips. A typical reflection phase 
angle curve is plotted in Figure 5.2.  
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Figure 5.2: Phase angle curve of the element in Figure 5.1 for ls=5 mm and lss=3.5 mm. 

5.1.1.2 Phase behavior 

After choosing the element structure, the dimension of the cell is examined. A large 
phase angle range of nearly 360˚ is needed for both frequency bands. Some extreme 
cases are simulated to obtain the phase angle range with the single-layer structure of the 
given thickness. Of course, because the cell size is 6.8 mm, the length of both the center 
strip and the side strips should have appropriate values. 
The extreme values are simulated at both operating frequencies. It can be assumed at 
the beginning that the two structures do not influence each other. In this simplified 
method, the phase range at 20 GHz can be determined by the parameter ls (center strip 
length), with lss (side strip length) remaining constant. In this case, the constant value 
could be 3.5 mm. With lss=3.5 mm, the phase curve with the parameter ls is simulated. 
Figure 4.3 shows these extreme values of 20 GHz. It can be seen that the phase range is 
from 145˚ to -185˚, and the difference is 330˚. When ls ≥6 mm, the phase angles at 20 
GHz are nearly the same as with ls=6 mm: -185˚. Similarly, the phase angles at 20 GHz 
with ls≤4 mm are nearly 145˚.  
In addition, it is observed that the resonance is almost independent of ls at 30 GHz. The 
same method as before can be used to obtain the phase angle range at 30 GHz. The 
phase angle is simulated with constant value ls=5 mm and parameter lss, and the results 
are shown in Figure 5.4. It can be seen that the phase range is from -215˚ to -553˚, and 
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the difference is nearly 330˚. When lss ≥4 mm, the phase angles at 30 GHz are nearly 
the same as when lss=4 mm: -553˚. Similarly, the phase angles at 30 GHz with 
lss≤3 mm are nearly -215˚. The phase angles at 20 GHz are nearly the same in Figure 
3.4, and the difference is 0˚. This also proves that the two resonances are basically 
independent.  
 

 

 
Figure 5.3: Simulated phase characteristic at lss=3.5 mm and the extreme values of ls. 
 

 
 

Figure 5.4: Simulated phase characteristic at ls=5 mm and the extreme values of lss. 
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Figure 5.5: Phase angle behavior of the coupled structure (see Figure 5.1) at 20 GHz. 

 
 

 
 
 
Figure 5.6: Phase angle behavior of the coupled structure (see Figure 5.1) at 30 GHz. 
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From Figure 5.3, the center strip length should be in the range ls=4.2…6, and the side 
strip length should be in the range lss=3…4 according to Figure 5.4. Following this, a 
simulation is conducted varying both parameters ls and lss to include the coupling 
between the strips. The value of each parameter is an arithmetic progression with a 
common difference of 0.1 mm. The resulting data for the two frequencies are plotted; 
the graph of 20 GHz is shown in Figure 5.5, and that of 30 GHz is shown in Figure 5.6. 
Here, it can again be clearly stated that the phase angle behavior at 20 GHz depends 
strongly on the dimension of the center strip length ls; the same is true for the side strip 
length lss at 30 GHz.  
These two data sets are then used as the basis for the reflector design. 
 

5.1.2 Array design (design and fabrication of the antenna) 

5.1.2.1 Compensating phase angle 

The reflectarray antenna is designed as an offset antenna. According to this, the power 
of the horn antenna is incident not vertical to the reflector but obliquely from below. 
This design has the advantage that the shading of the antenna reflector by the feed is 
kept low. The reflector itself has a square shape with a size of 150 mm 150 mm. 
Because the cell size is 6.8 mm 6.8 mm, the cell number of this reflectarray is 21 21. 
Overall, there are 441 individual unit cells on the reflector. The support for the reflector 
and horn is a holder made of PVC. 
The required phase angles to be adjusted by the reflector elements at both frequencies 
are determined in the usual way by compensating the free-space path lengths from the 
feed horn to the reflective cell. The geometry of the antenna structure is illustrated in 
Figure 4.7. 
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Figure 5.7: Schematic structure of the antenna from the side. 
 
l is the distance from the phase center of the horn antenna to the center of the reflector 
and equals 180 mm. Since the length of the reflector lref is 150 mm,  
 

164)2/150(180)2/( 2222  refbasis lll mm.            (5.1) 

 

The two angles 1 and 2 can be calculated as 
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The method used to calculate the compensating phase angle was introduced in 
Chapter 2. In this single-layer dual-frequency reflectarray, the 00th element is the 
element on the bottom line, which has the shortest distance to the feed of all the 
elements with distances nearly equal to lbasis. D is the distance between the adjacent cell 
elements, which equals 6.8 mm. The Y-axis is parallel to the (vertical) incident wave 
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polarization, and the X-axis is orthogonal to it. Another cell element that lies on the 
point ( DnDm  , ) is the mnth element, e.g., the center cell element of the reflectarray 
lies on the point ( 8.611,8.60  ). The compensating phase angle at 20 GHz and 
30 GHz can be calculated by Eqs. (2.2), (2.3) and (2.4). The calculation of individual 
unit cells of the reflector is implemented in MATLAB. 
 

5.1.2.2 Dimension of the reflectors 

The problem here is how to select the strip lengths to adjust the phase angles 
independently at the two frequencies. Therefore, the principle of Chapter 2 has to be 
extended. 

In Section 5.1.1.2, the data of the phase angle behavior are presented. To meet the 
dual-frequency requirements, a program is written in MATLAB. The program searches 
an appropriate point on the ls-lss plane. For example, it is assumed that the 
compensating phase angles needed for the mnth element at 20 GHz and 30 GHz are 

20 mn  and 30 mn .  In Figure 5.5, the plane ϕ= 20 mn  and the phase angle 
behavior surface are intersected. The intersecting line is projected to the ls-lss plane as 
the curve φ20. Simultaneously, the plane ϕ= 30 mn  in Figure 5.6 also has a projection 
curve φ30 on the ls-lss plane.  
It can be clearly stated in Figure 5.8 that the phase angle behavior at 20 GHz depends 
strongly on the dimension of the center strip length ls; the same is true in Figure 5.9 for 
the side strip length lss at 30 GHz. Therefore, the curve φ20 is approximately parallel to 
the lss-axis, and the curve φ30 is approximately parallel to the ls-axis. The two curves on 
the ls-lss plane must have an intersection point (lsp, lssp). When ls = lsp, lss=lssp, the 
mnth element can adjust the required phase angles for both 20 GHz and 30 GHz. 
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Figure 5.8: The phase angle behavior of the coupled structure (see Figure 4.1) with the 
curve φ20 at 20 GHz. 
 
 

 
 
 
Figure 5.9: The phase angle behavior of the coupled structure (see Figure 4.1) with the 
curve φ30 at 30 GHz. 
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All the dimensions of the reflectors are calculated in the MATLAB program. The 
information in the data file is then transferred to a layout map. Using ADS, a Gerber file 
for fabrication is produced.  
The fabricated reflectarray layout is shown in Figure 5.10. The antenna picture is 
shown in Figure 5.11. 
 
 

 
 

 
Figure 5.10: The dual-frequency coupled structure antenna layout. 
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Figure 5.11: A photo of the dual-frequency coupled structure antenna. 

 

5.1.2.3 Feed horn 

As the feed horn, a circular horn with an 18 mm aperture diameter designed for K-band 
is employed. At 20 GHz, the reflector is illuminated with an edge taper of 4.5 dB; at 30 
GHz, the edge taper is approximately 3 dB.  
 

5.1.3 Measurement 

The antenna was placed on the turntable in the anechoic chamber, which was presented 
in Chapter 3, and adjusted to achieve the maximum amplitude (main beam), and the 
transmission between the transmit antenna and the antenna being tested was recorded as 
a function of frequency. These values were then compared to those of pyramidal horns 
at K-band and Ka-band with approximately 20 dB of gain each. The respective results 
are plotted in Figure 5.12. 
The maximum antenna gain at 20 GHz is 27 dB, and that at 30 GHz is 29.2 dB. The 
3 dB bandwidth is in the range of 1.1 GHz at the lower frequency range, and that is in 
the range of 1.2 GHz at the higher frequency range. 
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Figure 5.12: Measured gain values of the single-layer dual-frequency reflectarray. 
 
 
The radiation diagrams of the single-layer dual-frequency reflectarray antenna are 
measured at different frequencies. The normalized radiation patterns of the single-layer 
dual-frequency reflectarray antenna at 20 GHz are plotted in Figure 5.13. The red curve 
is the measured radiation pattern in the E-plane, and the blue curve is that in the H-plane. 
The sidelobe level in the E-plane is -15 dB, and that in the H-plane is -15 dB. The 3 dB 
beamwidth corresponding to the E-plane and H-plane are 6.2˚ and 6˚. 
The normalized radiation patterns of the single-layer dual-frequency reflectarray 
antenna at 30 GHz are plotted in Figure 5.14. The red curve is the measured radiation 
pattern in the E-plane, and the blue curve is that in the H-plane. The sidelobe level in the 
E-plane is -17 dB, and that in the H-plane is -16.5 dB. The 3 dB beamwidth 
corresponding to the E-plane and H-plane are 4.2˚ and 4˚. 
The radiation diagrams that are very similar to those in Figure 5.13 are maintained 
within a 1.1 GHz bandwidth at approximately 20 GHz, and the radiation diagrams that 
are very similar to those in Figure 4.14 are maintained within a 1.2 GHz bandwidth at 
approximately 30 GHz. 
 



 77

 

Figure 5.13: E-plane and H-plane diagram of the single-layer dual-frequency 
reflectarray at 20 GHz. 

 

 
Figure 5.14: E-plane and H-plane diagram of the single-layer dual-frequency 
reflectarray at 30 GHz. 
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A summary of the single-layer dual-frequency reflectarray antenna performance is 
given in Table 5.2. Φ3dB and Θ3dB are the 3 dB beamwidths corresponding to the E-plane 
and H-plane, Gmax is the maximum antenna gain, SLLE and SLLH are the maximum 
sidelobe levels in the E-plane and H-plane, and η is the aperture efficiency of the 
single-layer dual-frequency reflectarray antenna, which is calculated with formula 
(5-4). 
 

        A
G





4

2

                                                (5.4) 

 
A is the antenna opening surface (diameter) geometric area and equals 1502 mm2. 
 

 Φ3dB Θ3dB Gmax η SLLE SLLH 

20 GHz 6.2° 6° 27 dBi 39.9% 15 dB 15 dB 

30 GHz 4.2° 4° 29.2 dBi 29.4% 17 dB 16.5 dB 

 
Table 5.2: Summary of the single-layer dual-frequency reflectarray antenna results. 

 
For the single-layer dual-frequency reflectarray antenna in this section, a major 
drawback is the small bandwidth.  
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5.2 Dual-frequency folded reflectarray 

In Section 5.1, a single-layer dual-frequency reflectarray was presented, and the 
reflectarray principle was extended to adjust the reflective phase angle independently 
for the two frequencies, e.g., 20 and 30 GHz. In this section, the folded reflectarray 
principle is extended in the same manner. The applied principle is similar to that used in 
[63][64]; however, the complication now is that dual-frequency operation must be 
maintained for two polarizations while adjusting for a phase difference of 180̊ at the 
two frequencies. 
 

5.2.1 Element design 

In Chapter 2, the folded reflectarray principle is given. For a dual-frequency folded 
reflectarray antenna, this principle has to be extended such that both the required 
reflection phase angles as well as the 180˚ phase angle difference are adjusted 
independently for the two frequencies.  
The basic element of a single-layer dual-frequency reflectarray is shown in Figure 5.1; 
however, it is for single polarization only. Similar to [68], a combination of these 
elements in different directions has been investigated (Figure 5.15). The unit cell is 
indicated by a red square frame in Figure 5.15. The planar structure is extended 
periodically into both directions. Considering that the vertical and horizontal strips 
must not touch, the cell size in Figure 5.15 is selected as 7 mm×7 mm. The other 
parameters are the same as in Figure 5.1 except with four different strip lengths.  
As mentioned in Section 3.1, the principle behavior of a periodic arrangement of such 
cells is simulated for an incident plane wave from broadside independently for both 
polarizations. Due to a double symmetry, only one-quarter of the cell has to be 
computed. The element is printed on an RT Duroid 5880 substrate (εr=2.22, substrate 
thickness of 0.508 mm) with backside metallization. A simulation is conducted with 
CST Microwave Studio [67]. The solver is the frequency-domain solver. 
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Figure 5.15: Principle element structure and unit cell for the dual-frequency reflectarray. 
The planar structure is extended periodically in both directions. 
 
 
 
There are four different strip lengths in Figure 5.15: the vertical orientation lengths ls1 
and lss1 and the horizontal lengths ls2 and lss2. The four parameters are for the two 
respective polarizations. They have to be adjusted to provide a given reflection phase 
angle independently for each frequency with the additional condition that there is a 
180˚ phase difference between the horizontal and vertical polarization separately at 
both frequencies.   
On the other hand, the unit cell should be reasonably small; therefore, a coupling 
between all structures occurs that automatically is considered by the simulation of the 
periodic structure. As a consequence, this coupling does not allow the four line lengths 
to be adjusted independently. For each polarization, phase curves very similar to those 
of Figure 5.2 result; however, changing, e.g., the lengths of the horizontal strips for the 
horizontal polarization will also affect the phase curve of the vertical polarization. 

ls1 

ls2 

lss1 

lss2 
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Since there are four parameters for the dual-frequency folded reflectarray, the 
simplified design procedures are as follows: 
 To obtain the phase behavior, it assumed that ls1= ls2=ls, lss1=lss2=lss. The four 

parameters are merged into two new parameters and clearly show the influence of 
the reflection phase angle at different frequencies. 

 For the requirement of twisting, it is necessary to determine two symmetrical 
curves with a 180˚ phase-angle difference on the curved surface of the reflection 
phase angle. In Section 5.1, it can be clearly observed that the phase angle behavior 
at 20 GHz depends strongly on the dimension of the center strip length ls; the same 
is true for the side strip length lss at 30 GHz. Two pairs of parameters, (ls1, ls2) and 
(lss1, lss2), are simulated and calculated at 20 GHz and 30 GHz, respectively, as in 
Section 3.3.2. The reflection phase angles are then extracted as a function of ls1 at 
20 GHz and as a function of lss1 at 30 GHz. 

 With the constant reflection phase angles at 20 GHz and 30 GHz: (ϕ20GHz, ϕ30GHz), 
the parameters (ls1, ls2) and (lss1, lss2) can be determined. Since the coupling 
between structures does not allow the four line lengths to be adjusted 
independently, e.g., the lengths of the horizontal strips for the horizontal 
polarization will also affect the phase curve of the vertical polarization. Some small 
adjustments and corrections will be performed to obtain the final result: (ls1, ls2, 
lss1, lss2) 

 

5.2.2 Phase behavior 

Compared to Section 5.1.1.2, ls1 and ls2 are the center strip lengths, and lss1 and lss2 are 
the side strip lengths. To obtain the phase behavior, it assumed that ls1= ls2=ls, 
lss1=lss2=lss. With the simplified method in Section 4.1.1.2, the phase range at 20 GHz 
can also be determined by ls when lss is constant. For lss=3.5 mm, typical phase angle 
curves are shown in Figure 4.16, simulating the phase curves with the parameter ls. It 
can be seen that the phase angle range is from 88˚ to -226˚, and the difference is 314˚.  
When ls≥6 mm, the phase angles at 20 GHz are nearly the same as those when ls=6 mm: 
-226˚. Similarly, the phase angles at 20 GHz when ls≤4 mm are nearly 88˚. 
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Figure 5.16: Simulated phase characteristic at lss=3.5 mm and the extreme values of 
ls.(ls1= ls2=ls, lss1=lss2=lss) 
 
 
The same method can be used to obtain the phase angle range at 30 GHz. With a 
constant value of ls=5 mm, the parameter lss is varied; the results are plotted in Figure 
5.17. The phase angle range is from -571˚ to -913˚, and the difference is 342˚. When lss 
≥4 mm, the phase angles at 30 GHz are nearly the same as when lss=4 mm: -913˚. 
Similarly, the phase angles at 30 GHz when lss≤3 mm are nearly -571˚. It should be 
noticed that the phase angles at 20 GHz are nearly the same in Figure 5.4, and the 
difference is 0˚. However, in Figure 5.18, for the phase angles at 20 GHz, there exists a 
large variation, and the difference is greater than 300˚. This represents evidence that 
proves that the four line lengths are not independent.  
Considering the cell structure, the cell size is slightly larger than in Section 5.1 and 
becomes 7 mm; the parameters (ls1, ls2, lss1, lss2) are chosen with the appropriate 
values. 
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Figure 5.17: Simulated phase characteristic at ls=5 mm and the extreme values of lss. 
(ls1=ls2=ls, lss1=lss2=lss). 
 

5.2.3 Dual-frequency reflectarray design 

5.2.3.1 Design Data 

The design method is similar to that in Chapter 2 but extends to two frequencies. 
For the requirement of twisting, it is necessary to determine two symmetrical curves 
with 180˚ phase-angle differences on the curved surfaces of the reflection phase angle.  
To simplify the starting cell design, it is supposed that the phase angle behavior at 
20 GHz depends strongly on the dimension of the longer strip (the center strip), and the 
phase angle behavior at 30 GHz depends on the dimension of the shorter strips (the two 
side strips). Therefore, there are two pairs of parameters: (ls1, ls2) and (lss1, lss2). 
To obtain the two symmetrical curves, the two pairs of parameters could be calculated 
independently as before.  
First, the shorter strip lengths are constant and equal to 3.4 mm (lss1=lss2=3.4 mm). The 
point pairs with a 180˚ phase angle difference on the line ls1+ls2=k are calculated at 
20 GHz and listed in Table 4.3. Columns 2 to 4 contain the data of the curve ϕ1, and 
columns 5 to 7 contain the data of the curve ϕ2.   
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Table 5.3: Data of the symmetrical point pairs with the 180˚ phase angle difference of 
the pairs of parameters (ls1, ls2), with lss1=lss2=3.4 mm. 

k/mm Ls1/mm Ls2/mm Φ1/deg Ls1/mm Ls2/mm Φ2/deg 

9 5.263 3.737 -56.327 3.737 5.263 123.96 

9.1 5.264 3.836 -56.321 3.836 5.264 123.68 

9.2 5.264 3.936 -56.278 3.936 5.264 122.93 

9.3 5.266 4.034 -58.414 4.034 5.266 122.07 

9.4 5.268 4.132 -58.582 4.132 5.268 121.17 

9.5 5.269 4.231 -60.666 4.231 5.269 119.47 

9.6 5.27 4.33 -61.509 4.33 5.27 118.2 

9.7 5.274 4.426 -63.776 4.426 5.274 116.02 

9.8 5.277 4.523 -66.979 4.523 5.277 113.66 

9.9 5.282 4.618 -70.418 4.618 5.282 110.18 

10 5.288 4.712 -74.914 4.712 5.288 105.78 

10.1 5.296 4.804 -79.841 4.804 5.296 99.782 

10.2 5.308 4.892 -88.568 4.892 5.308 91.936 

10.3 5.327 4.973 -100.88 4.973 5.327 80.247 

10.35 5.339 5.011 -107.51 5.011 5.339 73.174 

10.4 5.353 5.047 -115.39 5.047 5.353 64.566 

10.45 5.373 5.077 -125.17 5.077 5.373 54.552 

10.5 5.397 5.103 -135.15 5.103 5.397 44.963 

10.55 5.423 5.127 -144.86 5.127 5.423 34.99 

10.6 5.455 5.145 -154.4 5.145 5.455 26.075 

10.7 5.527 5.173 -169.57 5.173 5.527 9.975 

10.8 5.611 5.189 -180.93 5.189 5.611 -1.123 

10.9 5.7 5.2 -188.69 5.2 5.7 -8.471 

11 5.792 5.208 -194.35 5.208 5.792 -13.924 

11.1 5.887 5.213 -198.47 5.213 5.887 -18.444 

11.2 5.982 5.218 -201.67 5.218 5.982 -21.838 

11.3 6.079 5.221 -204.08 5.221 6.079 -24.249 

11.4 6.177 5.223 -206.02 5.223 6.177 -26.263 

11.5 6.276 5.224 -207.69 5.224 6.276 -27.69 
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The curves of the symmetrical point pairs are built using the data from Table 5.3, shown 
in Figure 5.18(a). 

To prepare the supporting data of the pairs of parameters (ls1, ls2) design, two curves, 
ϕ1=f1 (ls1) and ϕ2=f2 (ls1), are built using the data from Table 5.3, as shown in Figure 
5.18(b). The two curves are combined to expand the phase angle range. In most cases in 
this thesis, a cubic spline interpolation is applied for curve fitting. In Figure 5.18(b), the 
phase angle range is greater than 330˚. Given a typical ϕ value, an ls1 value is found. 
Because there are two gaps between the curves, the ls1 value should be determined as 
follows.  
When 138.14≥ϕ>123.96, ls1=3.737; when 123.96≥ϕ≥-27.69, ls1=f2

-1(ϕ2); when 
-27.69>ϕ>42.01, ls1=5.224; when 42.01≥ϕ>-56.33, ls1=5.263; when -56.33≥ϕ≥-207.69, 
ls1= f1

-1(ϕ1); and when -207.69> ϕ>-221.86, ls1=6.276. 
Given the ls1 value, the respective ls2 value can be read from Figure 5.18(a). Therefore, 
given a typical ϕ value, the values of the pairs of parameters (ls1, ls2) are known. 
Second, the dimensions of the longer strips are constant and equal to 5.3 mm (ls1= 
ls2=5.3 mm). The point pairs with a 180˚ phase angle difference on the line lss1+lss2=k 
are calculated at 30 GHz and listed in Table 4.4. Columns 2 to 4 contain the data of the 
curve ϕ1, and columns 5 to 7 contain the data of the curve ϕ2. 
 

(a)                                       (b) 
 

Figure 5.18: (a) Symmetrical point pairs of parameters (ls1, ls2) with lss1=lss2=3.4 
mm of the dual-frequency folded reflectarray elements at 20 GHz. (b) Curves ϕ 1=f1 

(ls1) and ϕ 2=f2 (ls1) with lss1=lss2=3.4 mm. 
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k/mm lss1/mm lss2/mm Φ1/deg lss1/mm lss2/mm Φ2/deg 

6.2 3.452 2.748 -29.33 2.748 3.452 150.42 

6.3 3.453 2.847 -31.83 2.847 3.453 149.27 

6.4 3.453 2.947 -31.9 2.947 3.453 147.58 

6.5 3.454 3.046 -34.56 3.046 3.454 145.15 

6.6 3.456 3.144 -39.47 3.144 3.456 141.14 

6.7 3.459 3.241 -47.08 3.241 3.459 133.52 

6.8 3.467 3.333 -64.99 3.333 3.467 115.26 

6.9 3.496 3.404 -113.6 3.404 3.496 66.97 

7.0 3.57 3.43 -160.41 3.430 3.57 19.68 

7.1 3.661 3.439 -177.24 3.439 3.661 2.63 

7.2 3.758 3.442 -184.69 3.442 3.758 -5.13 

7.3 3.857 3.443 -188.63 3.443 3.857 -7.19 

7.4 3.955 3.445 -190.99 3.445 3.955 -11.94 

7.5 4.055 3.445 -192.59 3.445 4.055 -12.47 

Table 5.4: Data of the symmetrical point pairs with a 180˚ phase angle difference of the 
pairs of parameters (lss1, lss2), with ls1= ls2=5.3 mm. 
 

 

 

 

(a)                                    (b) 
 

Figure 5.19: (a) Symmetrical point pairs of the parameters (lss1, lss2) with 
ls1=ls2=5.3 mm for the dual-frequency folded reflectarray elements at 30 GHz. (b) 
Curves ϕ 1=f3 (lss1) and ϕ 2=f4 (lss1) with ls1=ls2=5.3 mm. 
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The curves of the symmetrical point pairs are built based on the data from Table 5.4, as 
shown in Figure 5.19(a). 

To prepare the supporting data for the pairs of parameters (lss1, lss2), two curves, 
ϕ 1=f3 (lss1) and ϕ 2=f4 (lss1), are extracted from the data in Table 5.4, as shown in Figure 
5.19(b). The two curves are combined to expand the phase angle range. In most cases in 
this thesis, cubic spline interpolation is applied for curve fitting. In Figure 5.19(b), the 
phase angle range is greater than 340˚. Using a typical ϕ value, the respective lss1 value 
is determined. Because there are two gaps between the curves, the lss1 value should be 
calculated as follows.  
When 158.92≥ϕ>150.42, lss1=2.748; when 150.42≥ϕ≥-12.47, lss1= f4

-1(ϕ2); when 
-12.47>ϕ>-20.9, lss1=3.445; when -20.9≥ϕ>-29.33, lss1=3.452; when 
-29.33≥ϕ≥-192.59, lss1= f3

-1(ϕ1); and when -192.59> ϕ>-201.02, lss1=4.055. 
With the lss1 value determined, an lss2 value can be read from Figure 4.19(a). Therefore, 
given a typical ϕ value, the values of the pairs of parameters (lss1, lss2) are known. 
 

5.2.3.2 Dual-frequency reflectarray design 

To simplify the dual-frequency folded reflectarray design, a Fresnel-type approach was 
selected with only four phase angle states, resulting in 16 different cell configurations. 
In the first step, all strip lengths are determined independently for the respective 
polarization, modifying only the particular line lengths and leaving the orthogonal line 
lengths with somewhat arbitrary values. This of course ignores the fact that the phase 
angle behavior in the orthogonal polarization is modified to some extent as well. In a 
second step, a manual optimization based on full-wave calculations for all four line 
lengths is performed, therein correcting for the coupling and providing the four line 
lengths for the required phase angles at the two frequencies as well as the phase angle 
difference of 180˚. The resulting dimensions are given in Table 5.5. 
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30  GHz 
↓ 

20 GHz  → 

0° 90° 180° 270° 

0° 
(5.25, 5.58, 3.44, 

3.69) 
(5.19, 5.3, 3.44, 

3.7) 
(4.3, 5.08, 3.51, 

3.69) 
(5.31, 4.73, 3.44, 

3.69) 

90° 
(5.16, 5.61, 3.39, 

3.47) 
(4.53, 5.31, 
3.43,3.48) 

(5.54, 5.18, 3.37, 
3.48) 

(5.31, 4.96, 3.38, 
3.49) 

180° 
(5.08, 4.3, 3.69, 

3.51) 
(4.73, 5.31,  
3.69, 3.44) 

(5.58, 5.25, 3.69, 
3.44) 

(5.3, 5.19, 3.69, 
3.44) 

270° 
(5.19, 5.54, 3.48, 

3.37) 
(4.96, 5.31,  
3.49, 3.38) 

(5.61, 5.16, 3.47, 
3.39) 

(5.31, 4.53, 3.48, 
3.43) 

 
Table 5.5: Element dimensions of the different phase angle combinations (ls1, ls2, lss1, 
lss2). 
 
 
The diameter of the reflectarray was selected to 190 mm, 180 mm covered effectively 
with reflection elements. The distance between reflectarray and polarizer is 60 mm 
resulting in a focal length of 120 mm. A circular feed horn with a 12 mm aperture 
diameter is placed at the center of the reflectarray with a taper to a K-band rectangular 
waveguide. The radiation diagrams of the horn were quite similar in both planes and 
provide an edge taper at the reflectarray of approximately 6 and 7 dB at 20 GHz and 
30 GHz, respectively, as shown in Figure 5.20. Measurements were performed with the 
horn mounted to the reflectarray plate removing the Perspex ring and the polarization 
grid. Especially at 20 GHz, some interaction with the reflectarray occurs, and at 30 GHz, 
some noise can be seen. The dashed gray lines in Figure 5.20 indicate the illumination 
edge of the antenna. 
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Figure 5.20: Radiation diagrams of the feed horn (red: E-plane; blue: H-plane). 
Measurement was done with the horn mounted to the reflectarray plate (just removing 
the perspex ring and the polarization grid). Especially at 20 GHz, some interaction 
with the reflectarray occurs, and at 30 GHz, some noise can be seen.The dashed gray 
lines indicates the illumination edge of the antenna. 
 
 
Ray tracing was used to determine the required phase angles at the two frequencies, and 
the element dimensions were selected (modulo 90˚) from the pre-calculated database in 
Table 5.5. A section of the resulting layout is shown in Figure 5.21, including the 
marker for the feed. 
 



90 

 
                                 (a) 
 

 
(b) 

 
Figure 5.21: (a) Layout of the dual-frequency reflectarray antenna. (b) The enlarged 
center part of the dual-frequency reflectarray layout. 
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The polarizer is a simple printed grid made from RT Duroid 5880. The substrate 
thickness is 3.18 mm, the line width is 0.35 mm, the center-to-center distance of the 
lines is 0.8 mm, and the metallization thickness is 17 μm. The polarizer was taken from 
another antenna at 30 GHz; therefore, it is perfect for the upper frequency but suffers 
from some drawbacks at 20 GHz, as can be found in Table 5.6. The grid is held by a 
Perspex ring. A photograph of the antenna is shown in Figure 5.22. 
 
 

 
Figure 5.22: Photograph of the dual-frequency reflectarray antenna. 

 
 

 20 GHz 30 GHz 

Isolation (E-field parallel to grid) 25 dB 24 dB 

Return loss (E-field normal to grid) 9.5 dB 38 dB 

Insertion loss (E-field normal to grid) 0.52 dB 0 dB 

 
Table 5.6: Performance of the polarizing grid (simulated using a mode matching 
approach). 
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5.2.4 Results 

In the first test, the antenna was placed on the turntable in the anechoic chamber and 
adjusted to achieve maximum amplitude (main beam), and the transmission between 
the transmit antenna and the antenna being tested was recorded as a function of 
frequency. These values were then compared to those of pyramidal horns at K-band and 
Ka-band with approximately 20 dB of gain each. The results are plotted in Figure 5.23. 
The maximum antenna gain at 20 GHz is 25 dB, and at 30 GHz, the maximum antenna 
gain is 30 dB. The 3 dB bandwidth is in the range of 1 GHz. 
However, it also can be observed that at approximately 20 GHz, there is some 
resonance due to unwanted reflections at the polarizer grid not working perfectly at this 
frequency, as mentioned before. The unperfected polarizer grid also reduces the gain by 
at least 0.5 dB and slightly increases the sidelobe level. 
 

 
 

Figure 5.23: Measured gain values of the antenna. 
 
In the next step, radiation diagrams were measured at different frequencies. The 
E-plane and H-plane diagrams at 20 GHz and 30 GHz are plotted in Figure 5.24. 
The radiation diagrams of the dual-frequency folded reflectarray antenna are measured 
at different frequencies. The normalized radiation patterns at 20 GHz are plotted in 
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Figure 5.23. The red curve is the measured radiation pattern in the E-plane, and the blue 
curve is that in the H-plane. The sidelobe level in the E-plane is -18 dB, and that in the 
H-plane is -16.5 dB. The 3 dB beamwidths corresponding to the E-plane and H-plane 
are both 6.2˚. 
The normalized radiation patterns of the dual-frequency folded reflectarray antenna at 
30 GHz are plotted in Figure 5.25. The red curve is the measured radiation pattern in the 
E-plane, and the blue curve is that in the H-plane. The sidelobe levels in the E-plane and 
H-plane are both -20 dB. The 3 dB beamwidths corresponding to the E-plane and 
H-plane are 3.7˚ and 4˚. 
The radiation diagrams that are very similar to those in Figure 5.24 are maintained 
within a 1 GHz bandwidth at approximately 20 GHz, and the radiation diagrams that 
are very similar to those in Figure 5.25 are maintained within a 1 GHz bandwidth at 
approximately 30 GHz. The diagrams that are very similar to these are maintained 
within a 1 GHz bandwidth. A summary of the antenna performance is given in Table 
5.7 
 
 

 

 
Figure 5.24: E-plane and H-plane radiation diagrams at 20 GHz. 
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Figure 5.25: E-plane and H-plane radiation diagrams at 30 GHz. 

 
 

 ΔΘE  ΔΘH  Gmax  η  SLLE SLLH 

20 GHz 6.2° 6.2° 25 dBi 22.3% 18 dB 16.5 dB 

30 GHz 3.7° 4° 30 dBi 31.3% 20 dB 20 dB 

 
Table 5.7: Summary of antenna results (SLLE, SLLH: Max. sidelobe level in E- and 
H-plane, η: aperture efficiency). 
 
 
Compared to single-frequency folded reflectarrays, the gain and efficiency are 
decreased. An approximately 1 dB loss in gain results from the Fresnel approach [69], 
some loss also results from the relatively large cell size necessary to implement two sets 
of orthogonal elements, and at least 0.5 dB of loss at 20 GHz is due to the insertion loss 
of the grid at that frequency. A major drawback is the small bandwidth, which is 
apparently due to the large unit cell size and the use of narrow lines in the reflector 
elements. In this respect, a dual-layer substrate with wide rectangular elements may 
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provide a substantial improvement and also may produce results closer to those of [58]. 
This measure, however, would be taken at the expense of a more complicated 
fabrication process and higher cost for the material. Additionally, a more sophisticated 
polarizer, e.g., dual layer as well, would improve the performance at 20 GHz. 
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6 Planar lens array antenna  

 
Lenses are extensively used in millimeter-wave radars for beam-forming, scanning, 
imaging, and quasi-optical power-combining applications. Dielectric lenses, however, 
are typically relatively thick, heavy, and complicated to fabricate due to their specific 
contours. In this regard, lens planar arrays represent attractive alternatives due to their 
planar geometry, simple fabrication process, and low profile. The concept of the planar 
lens array has been addressed by a number of researchers and reported extensively; see 
for example [71][72][73][74]. In these works, focusing is obtained using arrays of 
receive and transmit antennas connected by transmission line sections with appropriate 
lengths. 
This chapter describes the design of a planar lens based on an array of coupled-strip 
planar filter structures; the required phase delay is adjusted using the different center 
frequencies of the respective filters. An example lens at 25 GHz has been designed, 
fabricated, and tested. 

 

6.1 General consideration 

As implied by its name, a lens antenna works basically in the same manner as a 
common optical lens. For a simple convex lens, the following equation holds: 
 

        iddf
111

0

                                   ( 6 . 1 ) 

 

where f is the focal distance of the lens and F is the focal point. The optical length of 
each ray that starts from this point, measured at a reference plane T, is the same, i.e., 

2,21,22,11,1 llll   where 2,21,22,11,1   ,  ,  , llll are the optical lengths of the 
corresponding rays (see Figure 6.1). 
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Figure 6.1: Concept of convex lens (AB is the object, A′B′ is its image). 
 

 

In terms of wave optics, a convex lens can be described as a device that transforms a 
diverging input spherical wave into a plane wave at the output or an input plane wave 
into a converging spherical wave at the output [75]. 
A lens antenna, as investigated in this work, has no curved forms. It has plane 
apertures on both sides. The aperture consists of a number of relatively small unit 
cells, each of which has a band-pass response in the frequency domain. To create a 
plane in-phase front of the refracted wave, which is perpendicular to the lens axis, 
each cell on the aperture has to have a uniquely defined transmission phase. 
An alternative approach is based on using a modified version of frequency-selective 
surfaces (FSS), in which the resonant unit cells are de-tuned to provide the required 
phase translation between the spherical and planar wavefronts. 
To determine the dependence of the transmission phase angle of the corresponding 
cell with respect to its position on the aperture, consider Figure 2.5. The required 
transmission phases are calculated like in Section 2.3.1. The center point of the 
Cartesian coordinate system coincides with the center point of the infinitely thin, 
circular aperture, which is located in the xy-plane.  
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6.2 Element design 

Frequency selective surfaces (FSS) are, in general, surfaces that are characterized by 
the frequency selective behavior of the transmission response.  
Frequency selective surfaces are widely used as spatial filter layers; efforts have been 
made to improve the selectivity by including filter structures known from discrete filter 
design [76][77]. Such filters, on the one hand, can act as either frequency or angular 
selective devices [78] or their transmission phase behavior can be explored. A strong, 
nearly linear phase angle progression can be observed within the pass band 
(e.g. Figure 6.3). 
In [79], the phase angle performance of a chain of filters has been exploited to realize an 
antenna that scans over frequency. If filters within an FSS are designed with different 
center frequencies in different cells, these filters exhibit different transmission phase 
angles at a constant frequency. If the phase angle is properly adjusted, such an 
inhomogeneous FSS can act as a planar lens antenna. In [80], filters are realized by 
resonating patches on the outer sides of a dual-layer substrate connected by 
electromagnetically coupled coplanar lines in-between the two layers. In this work, a 
similar planar lens has been realized using quasi-lumped stripline filters similar to [81], 
coupled by slots in the outer metallization layers. 
The planar lens presented in this chapter consists of an array of "unit cells" consisting of 
coupled strips on one side of the substrate and metallization on the backside with a slot. 
Fig. 6.2 shows such a unit cell. 
Each cell acts as a type of strip line filter with different center frequencies according to 
the required transmission phase angle. An incident wave (assumed as a plane wave for 
the design process) is incident from one side. The power is received by the filter and 
re-radiated on the opposite side. Ideally, the signal is phase-shifted according to the 
position of the operating frequency with respect to the center frequency of the 
band-pass filter. For the complete lens array, the respective phase angles of the cells are 
adjusted such that the path length differences from a focal point (feed) to the lens 
surface are compensated. To avoid grating lobes, the cell size should be on the order 
(and not much larger than) of half a free-space wavelength. In this work, the cell size 

was selected as 8 mm×8 mm, equivalent to 0.67 0. The substrate material is 
RT/Duroid 6010 with a dielectric constant of 10.8 and a thickness of 0.635 mm. 
With a typical approach, the behavior of the lens elements is investigated using a 
periodic array and a normal incident wave. A simulation is conducted with the CST 
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Microwave Studio. The solver is the frequency-domain solver. The polarization is 
parallel to the vertical strips. 
 
 

 
 
Figure 6.2: The front view, side sectional view and back view of a planar lens unit cell. 
 
 
Figure 6.2 shows the front view, side sectional view and back view of a planar lens unit 
cell. In Figure 6.2, the element is a square, and the cell size is 8 mm×8 mm. The two 
metal strips are symmetric with respect to the cell. The length of the two strips is ls, and 
the gap between the two is gap. The width of the strips is bs=1 mm. The substrate is 
metalized on the backside with a rectangular slot. The width of the slot is b0=3.5 mm, 
and the length is l0. 
For a lens element, the power of the incident wave should be transmitted completely 
with minimum reflection. In the simulation, at the center frequency, S21 is nearly 0 dB, 
and S11 is less than -5 dB.  
To simplify the simulation procedure, the width of the strips bs and the width of the slot 
b0 are defined as constants. The variables are ls, l0 and gap. 
With a suitable amount of simulation data, suitable parameter dimensions are obtained 
to meet the requirements. Typical simulated amplitude and phase angle curves are 
plotted in Figure 6.3 (gap=1.5 mm, l0=3.9 mm, ls=5.8 mm). 
 
 
 
 
 

h 

bs 

l0 
b0 ls 

gap 
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Figure 6.3: Phase angle in degrees and amplitude of the S-parameter in dB (gap=1.5 
mm, l0=3.9 mm, ls=5.8 mm). 
 

6.3 Lens array design 

6.3.1 Design data  

To achieve the desired wave transformation at a given frequency of 25 GHz the lens 
array must be designed to provide the necessary phase delay at that frequency. For the 
best performance of the filter cell, the variables ls, l0, and gap are optimized. 
One way to achieve lens array elements with different values of the phase delay is to 
use scaled versions of a single design. For lossless materials, scaling is achieved by 
varying all dimensions by a certain percentage, and the frequency response varies in the 
opposite direction (larger dimensions, lower frequency response). As a direct result of 
Maxwell’s equations, the frequency response of the lens can be simply obtained by 

scaling of the frequency variable proportionally. For a scaling factor of , this gives 
 

          2121 SS                                    (6.2) 
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In practice, we cannot change all the parameters, such as the substrate, metal thickness, 
and cell area; we can only change ls, l0, and gap. 

For =1, the amplitude behavior is shown in Figure 6.3 with gap=1.5 mm, l0=3.9 mm, 
and ls=5.8 mm. If =1.02, these parameters should be 2% larger and become gap=1.53 
mm, l0=3.978 mm, and ls=5.916 mm, and the center frequency deceases. Because other 
parameters also influence the results, the curves are always changed slightly and do not 
show exactly the same response as before. Using a number of simulations with different 
parameters, the improved S-parameter curves shown in Figure 6.4 are achieved 
(gap=1.57 mm, l0=3.94 mm, and ls=5.81 mm). 

In Figure 6.4, when =1.02, the amplitude curves move to the lower frequency. In the 
pass band, S21 is nearly 0 dB, and S11 is less than -5 dB. 
 

 
 

Figure 6.4: The amplitude of the S-parameter in dB (=1.02 and 1). 
 
 

If =0.98, the filter dimensions should be 2% larger; thus, gap=1.47 mm, l0=3.822 mm, 
and ls=5.684 mm, and the center frequency increases. In the same way as before, 
because other parameters also influence the results, the curves are always changed 
slightly and do not have the same corresponding characteristics as before. After 
applying a number of optimization steps, the improved S-parameter curves are shown 
in Figure 6.5 ( gap=1.45 mm, l0=3.89 mm, and ls=5.74 mm). 
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In Figure 6.5, when =0.98, the amplitude curves move toward the larger frequency. In 
the pass band, S21 is nearly 0 dB, and S11 is less than -5 dB. 

 

 

Figure 6.5: The amplitude of the S-parameter in dB (=0.98 and 1). 
 
Following the same procedure, the necessary pass band frequencies are designed. The 

range of  should be 0.94≤≤1.08. The parameter values are shown in Table 6.1. 
It should be mentioned that, due to the design bias, the best S-parameter behavior 
occurred at 25.6 GHz, not at exactly 25 GHz. In Table 6.1, the phase angles are read at 
25.6 GHz. 
 

 l0/mm ls/mm gap/mm ∠S21/deg. 

0.94 3.88 5.73 1.43 -149.72 

0.96 3.85 5.74 1.43 -157.78 

0.98 3.89 5.74 1.45 -163.79 

1.00 3.9 5.8 1.5 -215.92 

1.02 3.94 5.81 1.57 -241.09 

1.04 3.96 5.85 1.57 -250.48 

1.06 3.91 5.87 1.63 -294.06 

1.08 3.91 5.85 1.6 -319.93 

 

Table 6.1: Parameter values with different . 
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Figure 6.6 shows the transmission phase angle as a function of scaling factor . A 
strong, nearly linear phase angle progression can be observed. 
 

 
 

Figure 6.6: the transmission phase angle as a function of scaling factor . 
 
With the parameter values shown in Table 6.1, Figure 6.7, Figure 6.8 and Figure 6.9 

show the amplitude of the S-parameters and the phase of S21. (0.94≤≤1.08). 
 

 
 

Figure 6.7 The amplitude of S21 in dB (0.94≤≤1.08). 
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Figure 6.8 The amplitude of S11 in dB (0.94≤≤1.08). 
 

 
 

Figure 6.9: The phase angle of S21 in dB (0.94≤≤1.08). 
 
 
It is observed from Figure 6.7 and Figure 6.8 that, at 25.6 GHz, the amplitudes of S21 

with different are all greater than -1 dB, and those of S11 are all less than -5 dB. 
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The maximal possible phase variation can be read from Figure 6.9. The phase angles at 
25.6 GHz vary from -149.72˚ to -319.93˚, and the difference ΔΦ is 170.21˚, nearly 180˚. 
It is observed that at 25.6 GHz, nearly 180˚ of the phase shift can be achieved by scaling, 
with a less than 1 dB change in the amplitude response. 
 

6.3.2 Lens array  

Based on the filter structure as described before, the design of a planar lens was 
achieved. The diameter of the lens and the focal distance were both selected as 80 mm. 
Based on this geometry, a phase angle range of approximately 180° had to be covered. 
To reduce the number of filter designs, the phase angle was adjusted in steps according 
to the values of Table 6.1.  
Because the available phase angle range is approximately 180°, half of a wavelength 
should be compensated. The frequency is 25 GHz, and the wavelength λ is 12 mm.  
 

  mmr 5.3180)802/12( 22                       (6 .3) 

 
The lens elements are arranged in a circle with radius r=30 mm.  
The compensate phase angles are calculated according to Eq. (2.2)(2.3)(2.4) in Section 
2.3. Every phase angle and the corresponding parameter values ls, l0, and gap are taken 
from Table 6.1. 
The element dimensions are transferred to a layout, as shown in Figure 6.10. The 
coupling strips and the slot behind can be recognized clearly. The fabricated planar lens 
is shown in Figure 6.11.  
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Figure 6.10: Layout of the lens array. 

 

 
 

Figure 6.11: Fabricated lens array. 
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6.5 Measurements 

A simple pyramidal horn was used as a feed. Figure 6.12 shows the setup of the 
complete planar lens antenna in laboratory tests.  
 

measurement  
 

Figure 6.12: Photograph of the complete planar lens antenna in the laboratory tests. 
 
The antenna was placed on the turntable in the anechoic chamber and adjusted to obtain 
maximum amplitude (main beam), and the transmission between the transmit antenna 
and the antenna being tested was recorded at different frequencies. Since the phase 
center of horn was not known, the focal distance is difficult to define and the distance l 
from the planar lens antenna to the support is changed to achieve an accurate focal 
distance. 
Figure 6.13 and Figure 6.14 show the measured radiation diagrams in the E- and 
H-planes, respectively, at different frequencies with l=150 mm. The frequency is in the 
range of 23…25 GHz, with a common difference of 0.5 GHz. The best amplitude 
performance is observed at 23.5 GHz, where the main beams receive the highest 
amplitude values in both the E-plane and the H-plane. The 3 dB beamwidth 
corresponding to the E-plane and the H-plane are 14.6˚ and 13.3˚, respectively. The 
sidelobe level is approximately -14 dB in the H-plane and -11 dB in the E-plane (where 
the illumination of the lens is not optimal). 
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Figure 6.13: The radiation diagrams in the E-plane at different frequencies with l=150 
mm (f=23…25 GHz, with a common difference of 0.5 GHz). 
 
 

 
Figure 6.14: The radiation diagrams in the H-plane at different frequencies with l=150 
mm (f=23…25 GHz, with a common difference of 0.5 GHz). 
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An accurate focal distance can be achieved to change the parameter l, which is defined 
as the distance from the planar lens antenna to the support. From Figure 6.13 and 
Figure 6.14, the best amplitude performance is observed at 23.5 GHz. Figure 6.15 and 
Figure 6.16 show the measured radiation diagrams in the E- and H-planes, respectively, 
at 23.5 GHz with different values of the parameter l.  
The parameter l is in the range of 150…140 mm, with a common difference of 2 mm, 
and also takes on the value l=137 mm. In the E-plane, the best amplitude performance is 
observed at l=140 mm, where the main beam obtains the highest amplitude values and 
the sidelobe level is approximately -17.5 dB. In the H-plane, the best amplitude 
performance is observed at l=148 mm, where the main beam obtains the highest 
amplitude values. The sidelobe level is approximately -15 dB in the H-plane but obtains 
a worse value of -14 dB in the E-plane. An accurate focal distance is achieved when 
l=140 mm. 
 

 
 

Figure 6.15: The radiation diagrams in the E-plane at 23.5 GHz with different l. 
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Figure 6.16: The radiation diagrams in the H-plane at 23.5 GHz with different l.  
 
 

Figure 6.17 shows the measured radiation diagrams in the E- and H-planes at 23.5 GHz 
with l=140 mm. The 3 dB beamwidth corresponding to the E-plane and H-plane are 
14.2˚ and 13.5˚, respectively. The sidelobe level is approximately -15 dB in the E-plane 
and -17 dB in the H-plane. 
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Figure 6.16: E- and H-plane radiation diagrams of the planar lens at 23.5 GHz with 
l=140 mm. 
 
To further analyze the performance of the planar lens antenna, the radiation diagrams of 
the lower and higher frequencies are presented.  
Figure 6.17 presents the E- and H-plane radiation diagrams of the planar lens at 23 GHz 
with l=140 mm. The sidelobe levels are all -6 dB, which leads to greater losses.  
Figure 6.18 presents the E- and H-plane radiation diagrams of the planar lens at 
24.5 GHz with l=140 mm. The 3 dB beamwidths corresponding to the E-plane and 
H-plane are both 11.9˚. The sidelobe level is approximately -11 dB in the E-plane and 
-12.5 dB in the H-plane. The planar lens antenna presents a better performance in terms 
of the mainlobe at the higher frequency of 24.5 GHz. 
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Figure 6.17: E- and H-plane radiation diagrams of the planar lens at 23 GHz with l=140 
mm. 
 

 
Figure 6.18: E- and H-plane radiation diagrams of the planar lens at 24.5 GHz with 
l=140 mm. 
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Since the best radiation performance is observed at 23.5 GHz, and the maximum 
amplitude is achieved, the relative amplitude is the difference between the maximum 
amplitude at 23.5 GHz and the maximum amplitude at the tested frequency. The rel. 
amplirude, 3 dB beamwidth, and sidelobe level are listed for different frequencies in 
Table 6.2. 
 

Frequency 
(GHz) 

Rel. amplitude (dB) 3-dB beamwidth (deg.) Sidelobe level (dB) 

E-plane H-plane E-plane H-plane E-plane H-plane 

23.5 0 0 14.2 13.5 -15 -17 

24 -2.95 -2.11 12.4 11.9 -10 -10 

24.5 -1.77 -1.73 11.9 11.9 -11 -12.5 

 
Table 6.2: Radiation performance data of the planar lens at 23.5, 24, and 24.5 GHz with 
l=140 mm. 
 

6.5 Conclusion 

A thin, lightweight and easily fabricated 25 GHz planar lens antenna has been designed, 
fabricated, and tested. A phase shift of nearly 180˚ can be achieved by scaling the 
simple structure used here. The best radiation performance is observed at 23.5 GHz, 
and the 3 dB gain bandwidth is 1 GHz from 23.5 GHz to 24.5 GHz. 
Further investigations are necessary with a combined architecture based on two types of 
planar lens arrays that can achieve a phase angle range of nearly 360˚. 
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7 Summary and Conclusion 

 
This thesis deals with the studies of quasi-planar antennas designs and improvements. 
The folded reflectarray antenna provides an interesting alternative for sensor and 
communication applications with its low profile and easy fabrication. 
To reduce the losses of a folded reflectarray antenna, two methods are proposed. 
A folded reflectarray antenna based on elements with two resonances on a single layer 
is presented as one method to extend the phase angle range of the reflectarray antenna.  
A rectangular patch with diagonal slots in the edges is investigated at 76.5 GHz and 
found to present a phase angle range of more than 460˚ due to the two resonances. The 
diagonal slot antenna achieves a better performance compared with the reference 
antenna, especially in the lower frequency range with respect to sidelobe level and 
beamwidth. The bandwidth is 10.6 GHz, and the loss in gain is less than 3 dB within the 
frequency range of 70 GHz to 80.3 GHz. Although the phase angle ranges are increased, 
the larger cell size compared to a standard reflectarray with rectangular patches results 
in losses due to increased phase angle and polarization errors. 
The other approach is to etch the metallization on a thin substrate, and then bonded 
face down on a thick base substrate. In this way, the main surface current is flowing on 
the smooth outer side of the metallization, reducing current losses. The covered rhomb 
antenna with a center frequency of 76.5 GHz exhibits higher antenna gain due to 
reduced losses and improved bandwidth. The loss in gain is below 3 dB at frequencies 
between 71 GHz and 82 GHz. The covered rhomb antenna present better performance 
with respect to sidelobe levels in both lower and higher frequency ranges. 
A number of microwave systems use different frequencies simultaneously, e.g., VSAT 
links with downlink and uplink in the 20 and 30 GHz frequency ranges, respectively. A 
low-cost realization of a reflector antenna can be achieved using simple printed 
reflectarrays. A dual-frequency folded reflectarray is designed, fabricated and 
measured. With an effective radius of 90 mm, the maximum antenna gain at 20 GHz is 
25 dB, and at 30 GHz, the maximum antenna gain is 30 dB. The 3 dB bandwidth is in 
the range of 1 GHz. 
Lenses are extensively used in millimeter-wave radars for beam-forming, scanning, 
imaging, and quasi-optical power-combining applications. Lens planar arrays represent 
attractive alternatives due to their planar geometry, simple fabrication process, and low 
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profile. The required phase delay is adjusted using the different center frequencies of 
the respective filters. A planar lens based on an array of coupled-strip planar filter 
structures has been designed at 25 GHz.The best radiation performance is observed at 
23.5 GHz, and the 3 dB gain bandwidth is 1 GHz from 23.5 GHz to 24.5 GHz. 
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