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Abstract—The main purpose of this paper is introducing a new method 

based on the transmission line approach for designing FSS-backed 

reflecarray antennas. For this reason a dual band reflectarray antenna is 

designed. This antenna contains a conventional single layer RA and a FSS 

backed double layer RA with 54% and 50% efficiency operating at X 

band and K band, respectively. A double layer FSS is used between RAs to 

isolate them. K band cell element is designed and analyzed using 

transmission line method and consideration of equivalent circuit for 

elements of each layer. Then the results obtained using this technique is 

compared to those found by CST and ADS. The comparison shows a good 

agreement. Jerusalem cross dipole with variable size is employed as 

radiation element in both bands. The most important properties of our 

suggested array are low cross polarization and high efficiency. 
  

Index Terms— Reflectarray Antenna (RA), Frequency Selective Surface 

(FSS), Transmission Line Method, Dual Band Antenna. 

I. INTRODUCTION 

Today, reflectarray antennas (RAs) are utilized in many applications because of their numerous 

advantages. These antennas consist of reflective elements etched on a flat surface and a prime feeding 

antenna illuminates these elements. Each reflective element introduces a pre-adjusted phase shift to 

produce a constant phase front.  

The most drawback of RAs is their narrow bandwidth. To overcome this disadvantage several 

multiband and broadband antennas have been used to increase the band width [1-9]. Multi band 

antennas can be implemented in single layer or multilayer configuration [1-9]. The former is used 

when frequency are close and the latter used for wide frequency applications. An efficient technique 

to design multilayer, multiband configuration is using FSS between reflective layers as band isolator, 

which has been suggested in [1]. Also, in [2] a dual band X/Ku RA is implemented by this method. 

In this study an analytical method is investigated to design FSS-backed RAs for the first time. So, a 

lot of optimization methods in MATLAB can be utilized to optimize FSS parameters for better 

performance. In this proposed method equivalent LC circuit is considered for each layer and with the 

use of transmission line theory the impedance of whole structure is calculated. Also, transmission and 

reflection coefficients are obtained. Using this analytical method a FSS-backed dual band, dual 

polarized RA is designed in K band and X band RA is designed with the conventional method 
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mentioned in [10]. This cascade configuration is composed of two arrays: a single layer conventional 

X band array and a double layer FSS-backed K band array. 

    The proposed antenna shows a remarkable performance at both X and K bands (10.4-11.4 GHz and 

20- 22.1 GHz) with efficiency of around 50% and 54%, respectively. The FSS placed between two 

arrays acts as ground plane in K band and has transmission property at X band. Also, this applied FSS 

layer creates isolation and reduces mutual coupling between the two proposed frequency bands. 

Because of utilizing polarization insensitive unit cell, the designed antenna has similar operation for 

both polarization and has a very low cross polarization. 

II. DEVELOPMENT OF THE PROPOSED ANTENNA 

As mentioned previously FSS-backed configuration is a suitable choice when operation bands are 

apart. In this technique the upper band FSS-backed RA is located on top of the lower band metal-

backed RA. The schematic diagram of this configuration is shown in figure 1. Also, The prototype of 

the antenna and cell element of each layer are specified in figure 1. 

X band RA

K band RA

X band 

source 

antenna

K band 

source 

antenna

 

Fig. 1. Schematic of the proposed antenna. 

 

The parameters of  FSS-backed antenna are adjusted in order to reflects incident waves at k band 

(20-22 GHz).  and transmits them at X band (10.4-11.4 GHz). Using double layer FSS element gives 

more degrees of freedom for optimizing parameters to have broadband FSS with mentioned 

properties. Furthermore, using FSS physical and electrical isolation is achieved, additionally as it can 

be understand from [11] as larger space between layers results in lower mutual coupling so the mutual 

coupling between the RAs is decreased by placing FSS between them. In this article a double layer 

FSS is utilized as band isolator which gives more degrees of freedom for optimization. For studying 

dual band operation, at first step each antenna is simulated using CST software, separately. In the next 

step all the structure (contain both X and K band antennas) is simulated to confirm suitable 

performance of the antenna. All the simulations are done using time domain solver.  
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III. OBTAINING K BAND RA PARAMETERS WITH USE OF TRANSMISSION LINE METHOD 

A frequency selective surface consists of an array of periodic structures that used to control 

incident wave in different ways such as filtering, isolating and changing phase and amplitude. As it 

noted previously, the insertion of FSS between RAs reduces the mutual coupling between layers and 

improve their isolation. If the layers have enough physical distance and the dielectric constant of the 

substrate is small enough, mutual coupling can be ignored and RA layers have little effect on each 

other and they can be designed and analyzed separately. In this section new method is suggested to 

design and analyze FSS-backed unit cell.  

K band unit cell is depicted in figure 2.a. In this unit cell, the Jerusalem cross dipole is used as 

phasing element and the phase shift is compensated by variation of ld (Fig.2.b). This reflective layer is 

located on top of the FSS layer with 2mm spacer (Fig.2.c and d). Rohacell foam (er=1.05, tan 

d=0.0003) can be used as spacer to keep antenna layers together [14]. An array of square rings is 

etched on both sides of lower substrate to operate as FSS. All of the substrates are 32-mil RO-4003. 

The equivalent circuit of this unit cell is presented in figure 2.f. In figure 2.f η0 and ηd are the free 

space and the substrate impedances, respectively. 

         

η0 η0η0ηd ηd

lsub1 lsub2lspacer

 

z1

 

z2 zd

ztotal

 

Fig.2. a)The K band unit cell. b) Reflective element. c) first FSS layer element. d) Second FSS layer element. f) Equivalent 

circuit. 

The impedance of lower FSS layer, z1, the impedance of upper FSS layer, z2, and the reflective 

element impedance, zd, are described by following equations [12-13]. 
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The required parameters are shown in figure 2. After computing ztotal, S parameters can be found 

by equations 15, 16 and 17. 
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Where ztotal is the total impedance of the unit cell structure (Fig.2.f). Employing MATLAB for 

designing FSS-backed unit cell takes more degrees of freedom for choosing optimization algorithm. 

After obtaining parameters, they are investigated using CST to find the optimum values of the unit 

cell parameters. The total values of K band cell element parameters are as: lspacer=2 mm, D=9 mm, 

wd=0.2 mm, d=2*ldk/3, w1=0.6 mm, w2=0.1 mm, s1=5 mm, s2=2mm. 
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The S parameters obtained with explained method is compared with the S parameters from CST 

and ADS in figure 3. The ADS S parameters are achieved by the technique mentioned in [12]. These 

curves are drawn for the parameters mentioned above and ldk=2.5mm and θs=0 (normal incidence). 

From these figures it is obvious that the curves achieved by different simulators match with each other 

very well. To explore performance with variation of phasing element size, S11 and S21 amplitudes for 

different values of ld are demonstrated in figure 4. Results show good transmission and suitable 

reflection for various sizes of phasing elements at 10-12 GHz and at 20-23 GHz, respectively. As it is 

clear from figure 4 the designed FSS- backed unit cell shows suitable performance in a wide 

frequency range at both bands. The reflection phase and amplitude at K band and transmission 

amplitude at X band are brought in figure 5 with use of CST parameter sweep. Phase variation of 

about 360, reflection amplitude better than 0.3 dB at 21 GHz and appropriate transmission amplitude 

(better than 0.7 dB) at 11 GHz are attained by this unit cell.  

The effect of incident wave angle is an important issue which should be considered to have broad 

band performance. The phase and amplitude of S11 are plotted in figure 6.a and b. As it is clear from 

figures, this unit cell is less sensitive to the incident angle. Furthermore, the discussed unit cell has a 

very low cross polarization. In figure 7 cross polarization versus length of ld is drawn for different 

frequencies.  

0 0.5 1 1.5 2 2.5 3

x 10
10

-80

-60

-40

-20

0

Frequency [Hz]

S
 P

ar
am

et
er

s 
[d

B
]

 

 

Matlab S21

ADS S21

CST S21

Matab s11

ADS S11

CST S11

 

Fig. 3. S21 and S11 amplitude versus frequency. 

 

0 5 10 15 20 25 30
-60

-50

-40

-30

-20

-10

0

Frequency [GHz]

S
 P

a
ra

m
e
te

rs
 [

d
B

]

 

 

S11, ld 
k
= 4 mm

S11, 1d 
k
= 2.5 mm

S11, 1d 
k
= 1 mm 

S21, 1d 
k
= 1 mm

S21, 1d
k
 = 2.5 mm

S21, 1d 
k
= 4 mm

 

Fig. 4. S11 and S21 amplitude for different length of ldk. 
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Fig. 5. a) S21 amplitude at X band and S11 amplitude at K band b) phase of S11 at K band versus length of ldk. 
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Fig. 6. a) S11 phase at 21 GHz, b) S11 amplitude at 21GHz and S21 amplitude at 11 GHz. 
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Fig. 7. cross polarization versus length of ldk for different frequencies. 

 

The Figures 8 and 9 present current surface distribution of the suggested element under 

illumination of the y-polarized incident plane wave at 21 GHz and 11 GHz, respectively. These 

figures are drawn for different phases of propagative wave at both 21 GHz and 11 GHz. As it is seen, 

the current in the y direction is stimulated and current in the x direction is near zero at 21 GHz so this 

structure has low cross polarization. The incident current flow at 11 GHz is near zero which means 

the incident wave is mostly transmitted at this frequency as it is expected. 

 

Fig. 8. Current distribution at 21 GHz for ldk = 3 mm. a) Phase of incident wave is 0. b) Phase of incident wave is 180. 

 

Fig. 9. Current distribution at 11 GHz for ldk = 3 mm. a) Phase of incident wave is 0. b) Phase of incident wave is 90. 

IV. K BAND ARRAY 

Using the unit cell element obtained in section II, 16.2 cm × 16.2 cm array is simulated. At first 

step the required phase distribution on the array surface is computed with MATLAB and drawn in 

figure 10-a. The simulated array using CST is shown in figure 10-b. The array is illuminated by a 

linearly polarized horn antenna.  

a) 

a) 

b) 

b) 
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The synthesized gain using MATLAB, the gain from CST and cross polarization is sketched in 

figure 11. According to these results, the antenna has the maximum gain of 29 dB (50% efficiency) 

and -40 dB cross polarization. The antenna gain versus frequency is plotted in figure 12 which proves 

10% bandwidth for 1 dB gain variation. In section V these results are compared with previous works.  
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Fig. 10. a) Phase distribution. b) The simulated array. 
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Fig. 11. K band pattern. 
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Fig. 12. Gain versus frequency. 

 

V. X BAND ARRAY 

A conventional metal back unit cell is used at X band. Phasing element is the Jerusalem cross 

dipole depicted in figure 13. The adjusted parameters for this unit cell are shown in figure 13 and they 

are as: lu= 13 mm, ls=2 mm, w=1 mm. More than 700 degree phase variation is achieved with this 

modified element. Phase variation versus length of ld are shown in figure 14 for normal incidence at 

different frequencies and figure 14-b shows phase variation for different incident angles. The results 

prove X band unit cell has little sensitivity to the incident angle.  

Symmetric shape of the suggested unit cell leads to have low cross polarization. This 

characteristic is investigated in figure 15. Also, Surface current is drawn for the unit cell at 11 GHz 

under illumination of a y-polarized incident wave (figure15). As it is seen, surface current is induced 

in y direction. The results of these figures prove little cross polarization at different frequencies.  

 

   

Fig. 13. X band reflective element. 
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Fig.14. S11 phase variation versus length of ld a) for different frequencies b) for different incidence angle. 

To study this modified unit cell performance, a 28.6 cm × 28.6 cm array is designed and 32mil 

RO4003 is considered as substrate. Figure 17-a shows phase distribution on the surface of this array 

and figure 17-b is the array simulated using CST.  
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Fig. 15. Cross polarization versus length of ld. 

  

Fig. 16. Current flow at 11 GHz. a) Phase of incident wave is 0. b) Phase of incident wave is 180. 
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Fig. 17. a) Phase distribution on the X band surface. b) The simulated array using CST. 

To achieve dual band performance, K band array is placed on top of the X band. A 2 cm spacer 

separates X and K RAs. The simulated co and cross polarization at 10.75 GHz are brought in figure 

18. The efficiency of X band antenna is 60% and after placing K band it is reduced to 54%. A 0.5 dB 

insertion loss is demonstrated from the figure. Figure 19 shows the simulated gain versus frequency 

which verifies 1 dB gain bandwidth of 9% for X band in presence of K band. 
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Fig. 18. Normalized pattern and cross polarization of X band array. 
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Fig.19. The simulated gain versus frequency. 

 

 The performance of our designed antenna is compared with previous dual band works in table 1. 

Comparing pervious works with our proposed antenna, it is concluded this antenna has better 

efficiency in both bands. Also, this works has better bandwidth in comparison with [1]. So it is 

concluded the proposed antenna introduced in this communication has better efficiency and its 1 dB 

bandwidth is acceptable. Also due to symmetric shape of the unit cell, it has a very low cross 

polarization. 

TABLE I.  COMPARISON OF THIS WORK WITH PERVIOUS WORKS.  

Reference [2] [9] [1] [6] This Work 

Frequency (GHz) 8.5  

18  

10   

13.58  

8.4  

32  

10.2  

22 

11    

21   

Efficiency 40% 

36% 

51% 

51.4% 

52% (with Ka band) 

60% (without Ka 

band) 

42% 

47% 

25% 

54% (with K band) 

60% (without K 

band) 

50% 

1-dB BW 

(%) 

11% 

12% 

5.5% 

2.9% 

0.5% 

1.5% 

16% 

9.1% 

9% 

10% 

SLL(dB) <-16  

<-15  

<-22  

<-20  

<-16  

<-20  

<-15  

<-20  

-15  

-18  

Cross-Pol 

(dB) 

No Data -27  

-27  

-30  

-20  

-23  

-25  

-40  

-40  

VI. CONCLUSION 

A new analytical method to design FSS-backed RAs is suggested in this communication. With the 

use of this technique, a dual band antenna is designed and simulated. This suggested antenna operates 

at X and K band with 54% and 50% efficiency, respectively. Also 1dB gain bandwidth of X band and 

K band are 9% and 10%, respectively. Due to symmetric shape of the offered unit cell, the attained 

cross polarization is low (about -40 dB). The results are compared with previous works which prove 

good operation for designed antenna.  
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