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Abstract 
his paper describes designing a reconfigurable circular polarized reflectarray (RA) element 
integrated with a solar cell (SC) by mean of radio frequency micro-electromechanical systems 
(RF-MEMS) switches. Combining the SC with the RA antenna reduces the cost, mass and the 

volume of high gain antennas in satellite communications by fabricating solar cell antennas 
(SOLANT). The narrow width configuration of an element is approached to reduce the optical 
blockage caused by RA elements. The variable length stubs are implemented to obtain the linear phase 
shift curve as a function of stubs length. RF MEMS switches are employed to change the length of 
stubs by switching them ON or OFF, to obtain a reconfigurable phasing element. The introduced RA 
can be used at the K-band. 
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1. Introduction 
     For long distance communications, such as satellite and radar applications, the demand for the 
high gain broadband antennas is critical. Two traditional choices for this kind of antennas are 
reflectors and array antennas [1]. However, the parabolic reflector is broadband; the manufacturing 
process for high frequency applications is difficult due to necessity for its exactly curved surface. 
Also, it suffers from lacking of electronic beam scanning ability. On the other hand, using array as a 
high gain antenna needs implementing phase shifters and amplifying modules in order to increase 
power efficiency in the high-loss phase shifters [2]. So, the cost of implementing array antennas is 
high and they require complex feeding networks. To overcome these disadvantages, the reflectarray 
antenna was evolved. In this approach, antenna elements are illuminated by a feed antenna, similar 
to the reflector antenna. The phase of reflected wave is controlled by shape and size of the array 
cells. The RA combines advantages of the reflectors and array antennas. Furthermore, the RA has 
advantages such as low-cost, low-profile, lightweight and simple structure for specially satellite 
communications. In [3] the concept of reflectarray antennas first has been presented. In this 
approach, which was investigated in early 1960s, the short-ended waveguides are employed as a RA 
element to reach a suitable phase shift in reflected waves. The pistol-based waveguide length 
changing results the variety phase shift. Bulkiness of the structure was the key reason why it was not 
studied and improved furthermore. In 1970s, wide-angle beam scanning diode-based circular 
polarized spiralphase reflectarray has been revealed in [4]. The main disadvantages of this approach 
are bulky electronic components and massive structure of an antenna. In 1978, emerging on the RA 
antennas is introduced by merging microstrip patches with the RA antennas [5]. The narrow 
bandwidth of a reflectarray which was explained in [6] is the main drawback of this combination. The 
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bandwidth of microstip patched reflectarray antennas was increased in [7] by implementing it in 
multilayered structure. However, employing reflectarrays with multilayered stacked patches leads to 
attain a linear phase shift curve as a function of dimensions in multiple 360˚ phasing range, expensive 
fabrication cost is its prior shortcoming. 

     Nowadays, limiting payload space and saving weight and cost in satellite applications leads 
merging solar cells with reflectarray antennas. The concept of this combination was presented in [8]. 
Improving the solar cell efficiency by implementing the TCO (transparent copper-oxide) materials as 
a rectangular ring RA cell is investigated in [9]. It was demonstrated that there exists trade-off 
between the SC efficiency and the characteristics of a RA antenna. In [10] the solar cell antenna with 
crossed dipole shaped RA elements was approached to support circular polarization. However, in this 
approach, the slope of a phase shift curve is too sharp so, the bandwidth limitation of an element is 
crucial. 

     In recent years, the demand for an adaptive controlling of the antenna characteristics is becoming 
vital in practical applications. Coupling the RA antennas with the RF-MEMS technology could be 
appropriate solution to fulfill this purpose. With the aid of this technology, the reflection phase shift 
for each element is possible to be controlled by changing the size of a phasing element. So, the beam 
scanning ability becomes approachable for a whole antenna configuration. The Outstanding   
properties of RF-MEMS switches, such as a low insertion loss, high linearity and high isolation, paves 
the way to employ them in reconfigurable RA antennas to control the phase shift of elements by 
switching them ON or OFF.  

     Implementing RF MEMS switches to adjust the length of open-ended transmission line, designed 
in a phasing element, in order to fabricate the 40° beam scanning RA antenna had been investigated 
in [11]. In [12], a novel circular polarized reconfigurable RA antenna was developed. The switching 
operation changes the rotation angle of elements to approach multiple phase shift range. In [13], the 
RF-MEMS switches have been implemented to change the length of stub, mounted on the ground 
layer of a phasing element. In this approach the phase shift swing is reached to 150° and maximum 
loss to 1.5 dB in 20 GHz by 10 independent states of switching operation.  

     The purpose of this paper is reconfiguring the solar cell reflectarray phasing element by mean of 
RF-MEMS switches. The copper based reflectarray element is designed to support circular 
polarization with narrow width structure in order to decrease the optical blockage of an element. 
Stubs with variable length are implemented in the middle layer of a special solar cell to achieve the 
linear phase shift curve. RF-MEMS switches are employed to change phase shift electronically. 
 
     The solar cell characteristics are elaborated in section 2. In section 3 a structure of an approached 
RA element is introduced and implemented stubs, designed in the aim of linear phase shift curve as 
function of variable length, are explained in details. A simulation method and a study the parameters 
of phasing element are represented in section 4. Furthermore, in this section the simulated results of 
a novel RA cell, with mounted stubs, are illustrated and analyzed. In section 5, the procedure of 
digitizing phase shift by mean of RF MEMS switches in order to fabricate the reconfigurable SOLANT 
is described and the results, obtained by considering ideal switch simulation model, are depicted. 
 
2. The Solar Cell Characteristics 
     The particular solar cell is required in order to design a SOLANT. In this section, the configuration 
of a solar cell is discussed in details. The multilayered structure of a solar cell is depicted in Fig.1. A 
transparent glass layer is employed to protect a solar cell from the mechanical and environmental 
tensions. Harvesting the electric energy which is converted by an epitaxial layer demands 
implementing the grid electrodes. A silver layer is considered as ground layer for a whole structure. 
With the aim of simulating an approached SOLANT, the electromagnetic characteristics of the solar 
cell are needed. From electromagnetic point of view, the germanium layer and the epitaxial layer, 
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which is consists of InGaP and InGaAs, mainly act as conductive materials with conductivity about 
2.3×103  S/m and 2.6×105  S/m respectively. On the other hand, a glass cover takes effect like a 
dielectric material with the relative permittivity about 6.39 and the loss tangent 0.0135. The 
conductivity of an epitaxial layer is nonlinear, due to the consisting materials, however these 
characteristics are surly acceptable for simulating an entire SOLANT with the adequate 
approximations in an operating frequency. 

Fig. 1. Multi-layered structure of a solar cell Fig. 2. Schematic of the structure of a phasing element 
 

3. Scattering element design 
      3.1. The reflectarray cell design 

     Combining the solar cell and the reflectarray antenna requires a challenging effort to optimize a 
suitable shape for the copper based phasing element to balance between the solar cell efficiency and 
the radiation characteristics. Figure 2 illustrates a main structure of novel phasing element. A ring 
shaped structures and crossed dipole shaped gaps are implemented in order to support circular 
polarization. Outer ring is employed due to decrease undesirable surface current density distribution. 
The gaps are applied in the structure for enhancing the bandwidth of element in an operating 
frequency. This narrow width configuration with employed loops is selected with the aim of optical-
blockage reduction while effective aperture enhancement. 

      3.2. Variable-Length Stubs Design 

     Obtaining a linear phase shift curve for a RA element requires designing multilayered structure or 
implementing stubs and transmission lines in the RA element. By this technique variable-length 
stubs, which are sandwiched between a cover layer of the solar cell and the grid electrodes, are 
occupied to enhance linearity of a scattering phase shift curve as a function of the stubs length. 

                                          (a)                                                                            (b) 

Figure 3. The complete structure of a phasing element (a) top view (b) side view 
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     The complete structure of phasing unit cell, with stubs are inserted in, is represented in Fig.3. It is 
worth to note that, in order to enhance phase shift rang, the stubs are rotated 10° from y-axis 
(Φ=10°). This rotation is based on the fact that the incident wave on the structure is not normal to 
the element due to multilayered structure. In fact, the polarization of the incident wave can be 
changed by the structure and the rotation of the stubs has more effect on the incident wave. There is 
a trade-off between the numbers of the stubs and the efficiency of solar cells. Reducing the optical 
blockage caused by stubs, number of stubs increased to four with narrow width structure. It should 
be noted that, the parameters of the structure are not the optimized values. Here, a novel structure 
is introduced and the effects of the important parameters on the performance of the RA are 
investigated. 

4. Examination and Simulation of Scattering element 
      4.1. Parameter investigation and Simulation Method 

     The study of parameters is done by simulating scattering element in HFSS software to calculate 
the S-parameter and the phase shift curve as a function of stubs length. This aim obtained by 
deliberating phasing element as a part of periodic array of RA elements under plane wave incidence. 
Figure 4 illustrates the rectangular waveguide simulation method.  

 

Figure 4. Excitation of a RA element with an incident wave 
 

Table 1: Parameters values of RA element 

     

 From image theory point of view, the rectangular waveguide with up and down walls as E-plane and 
side walls as H-plane terminated by RA element with the plane wave excitation is sufficiently an 
accurate simulation method for the unite cell arrangement. Finally, by changing width of element 
and parameters of stubs, proper dimensions are obtained with the aid of generated reflection phase 
shift curves. Table 1 demonstrates the utilized parameters for the approached RA element. The 
element spacing is supposed to be 3.75 mm in both directions to neglect mutual coupling between 
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RA elements. So, for all elements, Lc is equals to be 8 mm. In all simulations, the number of grid 
electrodes is decided to be 7. 

      4.2. Simulation Results of an Approached RA element 

     A novel RA element integrated with the solar cell is simulated by full wave technique in HFSS 
software. In order to obtain the phase shift swing for the aim of fabricating antenna, the length of 
stubs (Ls) is chosen to be a variable parameter between 0.25~6.5 mm. In this section the results for 
this approached novel element are illustrated and discussed in details. The phase shift curve as a 
function of variable parameter of an element is the essential factor. The slope of this curve 
determines the bandwidth of element. So, the linear phase shift curve results a broadband element.  

     The S-parameter phase curve as a function of stubs length at the frequency of 20 GHz is depicted 
in Fig.5. It is obvious that the phase shift curve is linear in the range of 185° phase swing. The 
bandwidth of element with 10° error in the phase shift is about 1.29%. Figure 6 represents the 
reflection coefficient for a novel phasing element. It shows that the maximum loss is occurred at 
Ls=6.5 mm and equals 1.55dB. 

 

Figure 5. Phase shift curve as function of stubs length at 20 GHz. 
 

Figure 6. S-parameter magnitude as function of stubs length at 20 GHz. 
 

 

5. Modeling and Simulation of RF MEMS switches 
      5.1. Switch Modeling 

     Manufacturing a reconfigurable SOLANT demands a digital based controllable technique in each 
phasing element to achieve an appropriate phase shift. This aim could be obtained by mean of RF 
MEMS switches, which are utilized in elements to reach the proper phase shift by changing 
parameters of each element. In this section, an ideal modeling for implemented RF MEMS switches is 
investigated. In this method the variable length stubs were consisted of etched switches (ideal). In 
order to simulate an entire phasing element, with implementation of RF MEMS switches, the 
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simulation model for stubs is designed and illustrated in Fig.7 (a). Thirteen switches per stub are 
employed to design the structure of reconfigurable element. 

 
 

(a)                                                                                           (b) 

Figure 7. (a) an ideal switch model (b) an example for a switch state 

     Figure 7 (b) depicted one example of switch states for Ls=3.5mm and the state is indicated by a 
binary phrase. As Fig.7 demonstrates, an On-Off switching operation applied symmetrically between 
two stubs. So, there exist 14 independent states in order to configure the phase shift of each 
element in this structure. But only 8 symmetrical states are employable in order to reach a proper 
phase shift. 

      5.2. Simulation Results of Reconfigurable Element 

     By mean of full wave method and using ideal switch modeling, the reconfigurable phasing element  
is simulated. In this section the results of this approached element is depicted and elaborated. Figure 
8 shows the phase shift curve and reflection coefficient as function of switch states. As results 
demonstrate, the phase shift swing for reconfigurable element is about 194° with maximum loss 
about 2.25dB. By switching operation, the element obtain proper phase shift with phase difference 
about 40° in each state. 
 

 
Figure 8. The Phase shift curve and S-parameter magnitude as a function of switch state at 20 GHz. 
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CONCLUSION 

     In this paper, the reconfigurable RA element integrated with the solar cell, in order to design a 
reconfigurable SOLANT, is elaborated and characterized. A narrow width reflectarray was employed 
to minimize the impact of RA element on the solar cell efficiency. To configure phase shift of phasing 
element, RF MEMS switches are employed to change length of stubs. By mean of these switches the 
beam scanning ability become approachable. The phase shift curve as a function of switches states is 
linear in the range of 194° at the 20GHz. The study presented in this paper demonstrates the design 
of narrow width circular polarized RA element on the solar cell as substrate to design reconfigurable 
SOLANT for satellite communications. The main aim is to reduce the mass, volume and cost for 
launching of satellites. 

References 
[1] H. Jasik, Antenna Engineering Handbook, Chapters 12 and 15, Mac Graw-Hill, New York, 1961. 
[2] J. Huang and J. A. Encinar, Reflectarray Antennas. Hoboken-Piscataway, NJ, USA: Wiley-IEEE Press, 2007. 
[3] D. G. Berry , R. G. Malech , and W. A. Kennedy , “The reflectarray antenna,” IEEE Trans, Antennas Propag 

, vol. AP – 11 , pp. 645 – 651, Nov. 1963 . 
[4] H. R. Phelan, “Spiralphase reflectarray for multi target radar,” Microwave Journal, vol. 20, July 1977, pp. 

67 – 73. 
[5] J. P. Montgomery,”A microstrip reflectarray antenna element, “Antenna Applications Symp, University of 

Illinois, Sept. 1978. 
[6] D. M. Pozar, “Bandwidth of reflectarrays,”Electron. Lett, vol. 39, pp. 1490–1491, Oct. 2003. 
[7] J. A. Encinar, “Design of two-layered printed reflectarrays using patches of variable size,” IEEE Trans. 

Antennas Propag., vol. 49, pp. 1403–1410, Oct 2001. 
[8] J. Huang, “Capabilities of printed reflectarray antennas,” in Proc. IEEE Phased Array Systems and Technol. 

Symp., Boston, MA, USA, pp. 131–134, Oct. 1996. 
[9] P. Dreyer, M. Morales-Masis, S. Nicolay, C. Ballif, and J. Perruisseau-Carrier, “Copper and Transparent-

Conductor Reflectarray Elements on Thin-Film Solar Cell Panels,” IEEE Trans, Antennas Propag, vol. 62, 
no. 7, pp.3813–3818, Jul. 2014. 

[10] W. An, S. Xu, F.Yang and J. Gao, “A Ka-Band Reflectarray Antenna Integrated On Solar Cell,” IEEE Trans, 
Antennas Propag, vol. 62, no. 11, pp. 5539–5546, Nov. 2014. 

[11] O. Bayraktar, O.A. Civi and T. Akin, “Beam Switching Reflectarray Monolithically Integrated With RF 
MEMS Switches,”  IEEE Trans, Antennas Propag, vol. 60, no. 2, pp. 854–862, Feb. 2012. 

[12] C. Guclu, J. Perruisseau-Carrier, and O.A. Civi, “Proof of Concept of a Dual-Band Circularly-Polarized RF 
MEMS Beam-Switching Reflectarray,”  IEEE Trans, Antennas Propag, vol. 60, no. 11, pp. 5451–5455, Nov. 
2012. 

[13] H. Rajagopalan, Y. Rahmat-Samii and W. A. Imbriale, “RF MEMS Actuated Reconfigurable Reflectarray 
Patch-Slot Element, ” IEEE Trans, Antennas Propag., vol. 56 , no. 12, pp. 3689–3699, Dec. 2008. 

 

Alireza Dadzadi et al. / Vol. 7(23), Jan. 2017, PP. 3299-3305                                         

http://www.aeuso.org/

	A Novel K-band Reconfigurable Circular Polarized Reflectarray Element Integrated with Solar Cells
	*Corresponding Author's E-mail: ali.r.dadzadi@gmail.com
	Abstract

