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Abstract  
In this paper, a class of Bow-tie unit cell on FR4 substrate is designed and investigated to be used in implementing a 

single-layer broadband Reflectarray Antenna (RA). In the analyzing step, two different parameters (length and angle) of the 

grounded Cross Bow-Tie (CBT) are varied to obtain the phase diagrams. Various degrees of freedom in the CBT structure 

are very helpful in designing a broadband RA. In the antenna design procedure, an efficient phase synthesis technique is 

applied to minimize the adverse effects of frequency dispersion causing by the differential space phase delay at different 

frequencies. This technique optimizes the metallic CBTs arrangement on the aperture of RA, and reduces the dependency 

of RA design to the CBT’s phase variation. Consequently, combination of the CBT’s phase behavior and the phase 

synthesis technique leads to designing a broadband RA with a good frequency response. In addition to, the Side Lobe Level 

(SLL) of the resultant RA is reduced remarkably. For validation of the obtained numerical results, an RA is designed and 

fabricated in 8.7~12.3GHz frequency bandwidth. The measurements show 27.03 dB as a maximum gain value at 10.2 GHz 

with a 1.5dB gain bandwidth of 34%. It is also shown that the implemented RA exhibits a reduced SLL (<-18dBi) within its 

operating bandwidth.  
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1- Introduction 

The Reflectarray Antennas (RAs) are a suitable alternative 

for phased array antennas, and conventional reflectors in 

military applications, space telecommunication, and 

remote sensing. The considerable deployment RAs is due 

to their exceptional features such as lightness, 

compactness, and flexibility of controlling radiation 

pattern. In addition, the use of RAs eliminates the need for 

expensive and complex custom molds, making RAs 

affordable [1]. Meanwhile, the narrow bandwidth of RAs 

is their main disadvantage. The narrow bandwidth of their 

unit cell and differential spatial phase delay lead to 

achieving their narrow bandwidth performance [1-3]. For 

solving this problem, wideband unit cells are designed 

with the help of periodic substrate [4], stacked patches [5], 

anisotropic substrates [6-9], and complex unit cells [10, 

11]. Although the use of multilayer unit cells can increase 

the phase ranges and operating bandwidth of RAs [12], on 

the other hand, the weight, loss, complexity, and 

manufacturing cost of RAs increase. To address this 

deficiency, two different solutions have been described in 

the literature. The first solution is based on designing a 

wide phase range unit cell that is performed by a trial-and-

error technique. Such a technique is a time-consuming and 

tedious one and leads to complex and multilayer unit cells 

[10-12]. The alternative solution is to use the optimization 

technique described in [13]. This optimization technique 

minimizes the phase realization errors of each element at 

center and two extreme frequencies within working 

bandwidth. Although the latter technique is beneficial, the 

various metallic elements' error function values in the 

array do not have a clear relationship in the optimization 

procedure. This results in local minima, which in turn 

results in sub-optimal frequency performance of the 

antenna. 

To design a broadband RA, this paper first presents a 

method for minimizing the adverse effects of the 

frequency dispersion. This method is a new phase 

synthesis technique to achieve an appropriate arrangement 
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of elements on RA's aperture and thereby a broadband RA.  

Then, a single-layer unit cell consisting of sub-wavelength 

metal Cross Bow-Tie (CBT) elements on a grounded low-

cost substrate is proposed. The low-cost substrate is 

considered to be thick FR4. Using such a thick lossy 

substrate needs a tradeoff between reducing the insertion 

loss of the unit cell and optimizing the reflected power 

[14, 15]. Simulation results show that the reflectivity of 

the proposed class of CBT unit cell is so remarkable. 

Moreover, additional freedom degree of such a unit cell in 

comparison to cross-dipole [4] increases the phase range, 

which is needed to design broadband RAs. The obtained 

reflection information of the under-study unit cell is then 

applied for designing a planar center-fed RA. The design 

by means of the mentioned phase synthesis technique 

leads to obtaining the most appropriate metallic CBTs 

arrangement on the aperture of RA. As a result, the 

operation bandwidth of the designed single-layer RA is 

increased and Side Lobe Level (|SLL|) of its radiation 

pattern is reduced in comparison to the described 

traditional method in [13]. Such a technique is thoroughly 

examined with experimental demonstration and the 

designed center-fed RA is fabricated and measured in X-

band (8.7~12.3GHz). 

2- A Technique for Selecting Optimum 

Arrangement of RA Design 

In RA designing, the proper phase distribution on its 

aperture is the main step such a way that the realized 

phases have a minimum deviation from the calculated 

phase distribution in the working frequencies. Based on 

[1], for designing an RA with a single pencil-beam in (

,b b  ), the required phase shift of the ith element located 

in (xi, yi) point is given by:  

 

( )( )0 cos sin sinR i i b i b bk d x y   = − + (1) 

 

that, the length of path from horn antenna's phase center to  

ith element on the array indicated by di. obviously, 

satisfying the relation (1) is quite easy for RA design in a 

single frequency. However, it becomes more difficult to 

meet this requirement in each frequency sample once the 

working bandwidth of RA is increased, and the designer is 

faced with more phase realization errors. Such errors are 

mainly due to the differential spatial phase delay factor as 

mentioned in [1]. To control the behavior of the antenna in 

the desired bandwidth, an optimization technique is 

proposed in [13] and an optimal element arrangement on 

the aperture of RA is achieved by minimizing the error 

function defined as follows: 

( ) ( )( ) ( )( )desired achieved, , ,
, ,

e m n f m n f m ni i
i l c u

=  −
=

(2) 

 

Where ( ),m n  refer to a particular location on RA lattice 

and ( )
desired

,m n
fi

  and ( )
achieved

,m n
fi

 represent desired 

and achievable phase delays at given frequencies (l, c, and 

u represent lower, center, and upper frequencies, 

respectively). This procedure first calculates the phase 

distributions that meet the requirements of the mask in the 

center and the two extreme frequencies. In the second step, 

the most appropriate element is selected to minimize the 

error function at each element of RA lattice regardless of 

the other elements. The lack of a relationship between 

error function values in [13] leads to a local minimum in 

the optimization procedure. To explain further, in this 

method, the value of the error function for one element 

may be close to zero, while the value for the neighboring 

element may be large, resulting in suboptimal antenna 

performance. Solving this problem, an optimization 

technique is used that minimizes the average of the error 

function values calculated for all RA elements [8].  

 

 

Fig. 1 Block chart of the introduced phase synthesis method. 

For more explanation our phase synthesis method, suppose 

that the “   ” is the calculated phase shifts on the 

aperture of RA and “ θ ” is an arbitrary and a constant 

phase. In this case, “  Φ +θ ” leads to the identical radiation 

pattern. This property helps the designer to have freedom 

degrees in phase shifts distribution realizing with a 

minimum error and thereby attain an RA with optimum 

performance. To this end, the total phase error of the entire 

array is taken into account and the mentioned error 

function in (2) is modified as follows:  
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( )

( ) ( )

( ) ( )

( ) ( )

( )

desired achieved
, ,

f f

desired achieved
, min , ,

f f
,

desired achieved
, ,

f f

,

for all members of the search space

and for 180 : step : 180 an

m n m n l
l l

e m n m nl u
c cm n

m n m n u
u u

w m n

l



 





 − + +

=  − +

 − +

  
  
  
   

  
  
     

= − d 180 : step : 180
u
 = −

   (3) 

 

The relation of (13) is an objective function that needs to 

be calculated for database of different RA element's 

classes. It should be noted that the smaller the step in (3), 

the smaller the error, but a step of 1 degree or less does not 

significantly affect the antenna performance. On the other 

hand, the second principle is incorporated into (3) as a 

weighting function, ( ),w m n , where elements closer to the 

center of the RA surface are given higher weights and 

elements closer to the RA edge are given lower weights. 

Thus, ( ),e l u  is the best arrangement of RA cells 

minimizing (2). The structural information of the optimal 

elements of the RA is then automatically determined by 

selecting the arrangement that minimizes the error matrix.  

 

 

Fig. 2 Geometry of grounded CBT unit cell with FR4 substrate used for 

planar RA design.  

Fig. 1 is a block diagram summarizing the phase synthesis 

technique introduced. 

3- Element Design 

Herein, the CBT unit cell is proposed inspiring from the 

bow-tie antenna structure. Its sketch and design parameters 

have been shown in Fig. 2. As shown in this figure, the 

reflected wave of CBT is affected by changing its length 

(l) and angle (α). In this case, the metallic array is printed 

on a grounded FR4 substrate with εr=4.4 and loss tangent 

δc=0.02 as a low-cost dielectric. In [15], analyzing a 

single-layer unit cell with FR4 dielectric, it was found that 

the utilizing of a thick lossy dielectric (FR4) results in low 

loss in respect to a thin one. Thus, the thickness of FR4 

substrate has been chosen h=2.4mm. In addition, the 

period of lattice is considered to be smaller than λ/2 for 

designing a wideband RA [16]. The use of unit cells with 

smaller sizes leads to lower sensitivity to the angle of 

incident wave and improves the assumption of the infinite 

periodic structure. Meanwhile, (l /Lx) must be selected to 

achieve sufficient linear phase range for an RA designing. 

In this regard, Lx=Ly=0.35λ in the central frequency 

10.5GHz, and 0.2<l/Lx<1 means the elements are sub-

wavelength to achieve a maximum linear phase range [17]. 

The other parameters of CBT unit cell are optimized as: 

Lx=Ly=10mm, W1=0.3mm, and W2=0.9mm. In order to 

analyze the proposed unit cell and investigate the effects 

of the lossy substrate on the reflection characteristics, a 

common practice is adopted, where the element is 

assumed to be surrounded by an infinite periodic array of 

the same cells [1]. Such a simplification is called the local 

periodicity assumption which is validated by good 

agreement between theoretical RA design and its 

measurements [4].  

 

 
(a) 

 
(b) 

 Fig. 3 Amplitude, and (b) phase diagrams of CBT unit cell versus of l 

variations (α=30o). 
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Table 1: Parameters of RA element for different classes 

W1 (mm) W2 (mm) α(degree) l(mm) 

0.1~0.5 

Step: 0.05 

0.1~0.9 

Step: 0.05 

30o~80o 

Step: 1o 

2.4-9.6 

Step: 0.2 

 

Therefore, the full-wave analysis of the proposed CBT 

with periodic boundary conditions is carried out by means 

of a Finite Element Method (FEM)-based EM-solver. The 

reflection information of such a unit cell illuminated by a 

normally plane-wave is calculated in 9~12GHz frequency 

range, as shown in Fig. 3. The amplitude diagram is shown 

in Fig. 3(a) to estimate the unit cell loss. In Fig. 3(b), the 

phase responses are obtained versus of the element’s 

length (l) variations. In these cases, the angle α=30o. To 

increase the phase range, the element length is left 

unchanged in its maximum value (l = 9.6mm) and the 

phase response is recalculated by means of the angle (α) 

variations from 30o to 80o.  This range for angle α is 

allowable due to CBT’s geometry. 

 

 
(a) 

 
(b) 

Fig. 4 Amplitude, and (b) phase diagrams of CBT unit cell versus of α  

variations (l=9.6mm). 
 

 

Fig. 5 Simulated RA and its feed antenna. 

The reflected wave information versus variation of the 

angle α is visualized in Fig. 4. As shown in Fig. 4(b), 

another phase response with an approximately linear phase 

response is obtained in 9~12GHz. 

 

 
(a) 

 
(b) 

Fig. 6 (a) Simulated horn antenna and its dimensions vs. mm, and (b) its 

impedance matching curve [25]. 

This demonstrates that the proposed element has an 

additional freedom degree to obtain a wider phase range 
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than cross-dipole element [4]. Fig. 3(a) and Fig. 4(a) show 

that, the average reflectivity of the unit cell with thick 

lossy substrate is close to 0dB for operating frequencies. 

This leads to the selection of the best values for α and l to 

reduce the sensitivity of the phase diagram in RA 

implementation. Various unit cell's classes have been 

obtained by varying W1, W2, l and α in Fig. 1. The 

different structural variations to make the phase response 

database are indicated in Table 1. The obtained phase and 

amplitude diagrams are used in the following to design a 

center-fed RA by means of the presented phase synthesis 

technique in block diagram of Fig. 1. 

4- Optimum Broadband RA Design and 

Experimental Verification 

In order to justify the effectiveness and practicality of the 

described optimization method, and proposed unit cell in 

Sec. 2, and Sec. 3, respectively, a low-cost single-layer RA 

is designed and manufactured in X-band having a very 

wide bandwidth. In this case, the calculated phase 

diagrams of the unit cell in Fig. 3(b) and Fig. 4(b) are 

used. In order to find the best performing element 

configuration at the RA frequency using the introduced 

phase synthesis technique, a database containing the unit 

cells' phase responses for all permutations was separately 

generated at the center (10.5 GHz) and at the two extreme 

frequencies  (9GHz, and 12GHz). In these frequencies, the 

needed phase shift for each cell of RA aperture must be 

evaluated. To this end, one can use the method described 

in [1].  

The corresponding equivalent elements’ dimensions 

(l and α) are thus determined from the resultant phase 

diagrams (Fig. 3(b), and Fig. 4(b)) with the minimum 

error. In this regard, the center-fed RA depicted in Fig. 5 is 

simulated. As it is shown in the same figure, the planar 

array includes 27×27 CBT elements illuminated by a horn 

antenna. Since in center-fed RAs, feed blockage has its 

own role in the reducing the system efficiency, we have 

designed a horn antenna with small aperture size 

(3.2×4.7cm2) to decrease the effect of feed blockage. Its 

dimensions and schematic of the simulated horn are 

depicted in Fig. 6(a). Its return loss diagram is shown in 

Fig. 6(b) and indicates that the horn antenna works within 

the desired RA bandwidth. Moreover, the horn antenna's 

radiation patterns in H- and E-planes are respectively 

visualized in Fig. 7(a), and Fig. 7(b). In these patterns, 

Half Power Beam Width (HPBW) of the designed horn is 

41o for H-plane and 46.5o for E-plane patterns, 

respectively. Its peak gain value is 13.3dBi at 10.5GHz. 

Thus, the exponent of feed pattern function represented by 

cosqθ is q=4.72, which is used in the RA design. Since the 

dimensions of center-fed RA is 27×27cm2, the focal length 

(horn antenna's phase center) is calculated 26.9cm to 

maximize the antenna efficiency. According to the 

calculated phase diagrams, the required phase shifts of 

27×27 elements of this center-fed RA are calculated and 

shown in Fig. 8. For such an RA, the half of the subtended 

angle from the aperture of RA to the horn antenna's phase 

center (θe) is 27.7o. The phase diagram is calculated 

assuming that a normal incident plane wave irradiates all 

the RA's elements, but it is clear that such an assumption 

will reduce the overall gain and decrease the antenna 

efficiency. Therefore, the angular dependency of the phase 

diagrams is also taking into account. For this purpose, the 

phase diagrams in terms of l(α=30o), and α(l=9.6mm) are 

recalculated for different oblique incident angles in the 

central frequency. As shown in Fig. 9, the little 

dependences of phase variations on the incident angle are 

observed once the incident θ is less than θe. Additionally, 

for avoiding the grating lobe in the radiation pattern, the 

element spacing in RA (Lx, Ly) must follow the array 

equation [18]:  

0,
(1 sin )

x y

inc

L L





+
   (4) 

 

 
(a) 

 
(b) 

Fig. 7 Radiation patterns of the simulated horn antenna in (a) H-, (b) E-

planes in frequency range 9~13GHz. 
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Fig. 8 The elements’ phase shifts required in designing a center-fed RA 

with 27×27cells. 

 
(a) 

 
(b) 

Fig. 9 Phase variations of the proposed CBT at central frequency 

10.5GHz for various oblique incidences (θinc is the incident angle) when 

(a) l, and (b) α are changed. 

in which, λ0 is the free-space wavelength, and the incident 

angle θinc is less than θe. The unit cell's dimensions satisfy 

limitation of (4) due to Lx = Ly =10mm=0.35λ0. For really 

assessment of the introduced phase synthesis technique, 

the analytically calculated radiation patterns in H- and E-

planes at 10.5GHz are respectively visualized in Fig. 

10(a), and Fig. 10(b). In these figures, the radiation 

patterns calculated using the common approach [13] are 

observed. These figures show that our phase realization 

technique allows a lower SLL than the common one. 

Choosing the proper elements and reducing the error of 

RA's phase synthesis leads to the mentioned SLL 

reduction. It should be pointed out that the average error of 

the phase realization is decreased from 40o in [13] to 5o on 

each RA's element. The antenna structure including RA 

surface along with its horn antenna is simulated using an 

EM-solver and its surface current distribution is obtained 

at 10.75GHz, as shown in Fig. 11. 

  

 
(a) 

 
(b) 

Fig. 10 Analytical radiation patterns at 10.5GHz, (a) H-plane, and (b) E-

plane which are obtained by the RA aperture's phase distribution realized 

using the CBTs. The calculated radiation patterns by means of traditional 

method [13] are reported for comparison.  

To validate the obtained numerical results, the designed 

system is fabricated. The photo of this low-cost 

implemented RA on FR4 substrate is observed in Fig. 12. 

The simulated radiation patterns and measured ones in E-, 

and H-plane at 10.2GHz are shown in Fig. 13(a), and 

13(b), respectively. Measured Cross-polar radiation 

patterns are indicated by red dashed-lines in these figures. 
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Fig. 11 Simulated current distribution of the designed RA.  

 

 
(a) 

 
(b) 

Fig. 12 Fabricated RA, (a) its photo from up view, and (b) RA along with 

horn antenna in anechoic chamber.  

Also, the measured |SLL|<-18dB. Fig. 14 demonstrates the 

simulated and measured peak gain values versus 

frequency. As seen in the same figure, the maximum gain 

of the implemented RA is 27.03dB at 10.2GHz and its 

1.5dB bandwidth of about 34% (8.7~12.3GHz) is 

achieved. Note that the goal of this study is not to design a 

high gain RA. However, a phase realization technique is 

introduced to broaden the RA's bandwidth and reduce its 

|SLL|. Obviously, if the number of array's cells and 

dimension of RA aperture are increased, the gain of the 

resultant structure can be enhanced. In some reported 

single-layer RAs like that [22], an air layer was added 

between dielectric and ground layer for gain enhancement.  

 

 
(a) 

 
(b) 

Fig. 13 Normalized radiation patterns of the implemented RA at 10.2GHz 

in (a) E-plane, and (b) H-plane. 

The comparison results of Table 2 confirm that a 

satisfactorily trade-off between bandwidth and |SLL| is 

obtained by combination of our optimization technique 

and proposed CBT unit cell. The maximum efficiency for 

such a system can be given by: 
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2 max
0 100,

4
total

G

A
 


=          (5) 

 

 
Fig. 13 Measured and simulated peak gain values of the implemented 

RA.  

TABLE 2: Comparison of the Single-layer RAs 

Ref. Dim. of 

array 

(cm) 

Cells 

No. 

Freq. 

range 

(GHz) 

Gmax 

(dB)@ 

fc 

BW 

(%) 

Max. 

phase 

range 

(deg.) 

|SLL| 

(dB) 

@ fc  

[19] 40 ×40 1225 12.5 

~14.5 

34.0 16.7 360 <-14 

[20] 27×19 650 10.7 

~12.5 

25.3 9.7 480 <-14 

[21] 25×25 625 10.0 

~11.2 

25.4 12 700 <-12 

[13] 120×120 10000 11.4 

~12.8 

40.6 11.6 400 <-16 

[4] 27×27 729 8.95 

~12.1 

26.57 29.5 400 <-14 

[22] Dia.=30 988 8.7 

~10.7 

27.7 25 450 <-15 

This 

Work 

27×27 729 8.7   

~12.3 

27.03 34 610 <-18 

 

where Gmax is the measured maximum gain (= 27.03dB) at 

10.2GHz, and A is the RA’s aperture area (=0.27×0.27m2). 

Thus, the total efficiency is obtained 48%. 

In Table 3, its estimated efficiencies and losses are 

summarized. As shown in the same table, the blockage of 

horn antenna is in the order of unit cell loss. It should be 

noted that the feed loss does not include loss in the 

transmission line between the horn antenna and 

transceiver. Therefore, one can obviously use an offset-fed 

design for increasing the RA efficiency. 
 

 

TABLE 3: Estimated efficiency of the implemented low-cost broadband 

RA  
Type Efficiency (%) Loss (dB) 

Illumination 85 0.7 

Spillover 72 1.42 

Unit cell 91 0.41 

Cross-pol [23] 95 0.22 

Feed antenna [24] 91 0.41 

Total 48 3.16 

5- Conclusions 

A metal cross bow-tied array on a thick lossy grounded 

FR4 dielectric is presented to implement a broadband, 

low-cost and single-layer RA. It is shown that presented 

unit cell with bow-tie patch layer gives us more phase 

range due to its two different design parameters (its length 

and angle). The obtained phase diagrams of this unit cell 

are used for implementation of an RA with 27×27 

elements in X-band. Measured results indicate the 

implemented RA provides a gain of 27.03dB with a 

variation of less than 1.5dB over a relative gain-bandwidth 

of 34% (8.7~12.3GHz) and |SLL|<-18dB at 10.2GHz, 

which is an excellent performance compared with other 

single layer RAs designed in X-band. This feature is the 

result of using a robust phase realization technique, taking 

wave incident angle on each RA element into account and 

benefiting from a large database of RA elements.  
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