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Abstract ─ In this paper, a UWB antenna exhibiting 

frequency suppression characteristics for WiMAX and 

WLAN spectra is modeled and analyzed. The proposed 

geometry is composed of a circular radiating element. 

Impedance matching at higher frequencies is achieved 

by incorporating steps near the feedline. Introduction of 

arc-shaped slots in the radiator results in significant band 

rejection for 3.3-3.7 GHz, 5.15-5.25 GHz and 5.725-5.825 

GHz. Designed antenna has an impedance bandwidth 

(VSWR < 2) of 9 GHz ranging 3-12 GHz. A prototype 

of the proposed model is fabricated on a low loss 

substrate. Comparative study of measured results to  

the simulated results depicts that the performance 

parameters of the antenna, e.g., impedance bandwidth, 

S-parameters and radiation characteristics meet the 

criteria for wideband applications.  

 

Index Terms ─ Circular patch antenna, impedance 

bandwidth, multiband antenna, tri-band notch, UWB 

antenna. 

 

I. INTRODUCTION 
The advancements in the wireless technology focus 

primarily on high data rate transmission with minimum 

interference to the existing wireless standards. In 2002, 

ultra wide band (UWB) spectrum from 3.1-10.6 GHz is 

allocated for commercial use, resulting in extensive 

research in UWB system designing [1]. It is observed 

that when multiple wireless devices are operated in  

a close proximity, the UWB systems experience 

interference as the designated spectrum is simultaneously 

shared by various wireless standards like WiMAX and 

WLAN [2]. Therefore, to improve the performance, 

interference mitigation has become the prime task while 

designing UWB antennas. 

The deployment of conventional RF filters in UWB 

systems is not feasible as this technique results in the 

increased size of the circuitry and complexity. Therefore, 

multiple band notch characteristics can be incorporated 

in antennas to eliminate narrowband interferences [3]. 

Various band stop techniques have been proposed to 

combat interference challenge, e.g., etching slots in the 

ground plane, feedline, or in the radiating element [4-6]. 

Parasitic elements, defected ground structures (DGS) 

and use of fractal geometry is also observed to obtain 

band notch characteristics [7-9]. The most common 

technique is to etch slots in the radiating element, which 

affects the current distribution of the radiating patch 

resulting in the elimination of undesired frequency 

ranges overlapping the operational frequency of antenna 

[1]. The commonly experimented slot shapes are C 

shape, U and inverted U, L shaped and meander line [1, 

3]. Different approaches to introduce tri-band notch 

characteristics are presented in [10-12]. The reported 

UWB antennas deploy double layered metallization. 

However, it is indicated in [13] that single layered 

metallization can further reduce the fabrication cost of 

monopole antennas; therefore, the presented UWB 

antenna is based on this concept.  

This manuscript introduces a planar UWB antenna 

with frequency rejection functionality to minimize the 

interference. The proposed design displays efficient 

elimination of WiMAX and WLAN bands. The paper is 

arranged as follows, Section-II comprises of the antenna 

modeling and optimization process, followed by the 

performance analysis of proposed design in Section-III. 

The fabricated prototype and comparison of results is 

presented in Section-IV. The conclusion drawn by the 

presented work is given in Section-V. 

 

II. GEOMETRY OF PROPOSED DESIGN 
A modified monopole antenna, printed on Roger RT 

Duroid 5880 of permittivity ɛr=2.2, is proposed for band 

notch design. Commercially available electromagnetic 

simulator Ansys HFSS is used to model and investigate 

the simulated results of proposed antenna.  
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Abstract ─ This work presents a novel RF MEMS-based 

pattern reconfigurable antenna capable of steering beam 

in three different directions. The proposed H-shaped 

microstrip antenna is based on the basic structure of a 

dipole antenna and forms an ‘H’ shape by combining  

two dipoles in reverse fashion. The proposed antenna 

provides pattern reconfigurability at a single resonant 

frequency of 1.8 GHz, that lies in L-band. The optimized 

simple structure of the proposed antenna allows easy 

incorporation of single pole single throw (SPST-

RSMW101) RF MEMS switches. The antenna is 

simulated using electromagnetic (EM) simulators (HFSS 

and IE3D). The proposed antenna is fabricated on RT 

Duroid substrate with 2.2 dielectric constant, and 1.75 

mm thickness. The ON and OFF state of RF MEMS 

switches enables three different scenarios of operation 

with peak gains of 6.25 dBi, 6.28 dBi, and 4.01 dBi 

respectively. For validation of pattern reconfigurability 

the antenna is tested using time domain antenna 

measurement system and found to have a good 

agreement with the simulated results.  

 

Index Terms ─ Beam steering, low profile, microstrip, 

reconfigurable antenna, RF MEMS switches. 
 

I. INTRODUCTION 
Recent advances in modern multi-directional  

radar systems and wireless applications demand high 

performance reconfigurable antennas. Reconfigurability 

in antennas can be achieved in frequency of operation, 

pattern, polarization and combinations of them [1]. 

Among the reconfigurability techniques, pattern 

reconfiguration devises the antenna beam in different 

axial directions for the same operating frequency. This 

ensures the pattern reconfigurability using the same 

antenna. The beam steering antennas are widely used in 

satellite, telemedicine, and radar communications [2-4].  

Reconfigurability in antennas can be achieved by 

use of RF tunable components like radio frequency 

microelectromechanical system (RF MEMS) switches 

[1, 5, 6], Varactor diodes [7], and PIN diodes [8-10]. The 

RF MEMS have been proposed for incorporation into 

reconfigurable antennas for the last 2 decades. Since then 

many designs are reported [11-14] due to its profound 

advantages like electromechanical isolation and minimal 

power consumption, in comparison to conventional 

semiconductor devices.  

The beam steering antennas can be classified into 

two broad categories: firstly, single antenna element 

configuration [15] and secondly the adaptive array 

antenna system [16, 17]. The size of a single antenna 

configuration is smaller in comparison to the array 

configuration. However, the gain achieved with the array 

configuration is higher than single antenna system [15].  

In [18], radiation pattern reconfigurable antenna 

based on square spiral-microstrip is presented. The 

antenna is capable to reconfigure the radiation patterns 

between end-fire and broadside with the help of two 

Radant single-pole single throw RF MEMS switches. 

Another MEMS based reconfigurable Vee antenna was 

presented in [11], that steered the radiation beam in 

different directions at 3 GHz and 17.5 GHz. 

In [12], two pattern reconfigurable antennas based 

on four RF MEMS switches is presented, operating at 6 

GHz and 10 GHz. The gain of both the antennas reported 

is in the range of 3-6 dBi. The antenna composition is 

based on rectangular spiral microstrip along with the RF 

MEMS monolithically integrated and packaged in the 

same substrate. The physical length of the rectangular 

spiral is varied by activating the switches and thus 

achieving reconfigurability in radiation pattern for the 

same antenna. The authors in [19] presented an E-shaped 

frequency reconfigurable antenna operating at 1.9 GHz 

and 2.4 GHz with 30.3% bandwidth. The bandwidth was 
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increased by introducing slots that forms the E-shape of 

the final structure. 

In this paper, a new beam steering H-shaped antenna 

is presented. RF-MEMS switches are used to change the 

physical arm length of the H-shaped antenna to achieve 

the reconfigurability in its radiation pattern. The proposed 

antenna is able to steer the beam in two different 

directions in the elevation plane. The simulation results 

are carried out by using two artificial switches (S1 and 

S2), while the RF-MEMS are placed instead in fabrication. 

The proposed H-shaped pattern reconfigurable antenna 

is compact in size and has good agreement in its 

simulation and measured results. 

 

II. DESCRIPTION OF THE ANTENNA 
The composition of antenna is based on basic dipole 

antenna structure. However, two radiating elements 

opposite to each other are incorporated for different axial 

direction coverage. The geometry of the antenna is 

shown in Fig. 1. The right dipole and left dipole forms 

an H-shape and are activated using two RF MEMS 

switches (S1 and S2). The proposed pattern reconfigurable 

antenna operates at 1.8 GHz that lies in L-band. The 

design specifications of the proposed H-shaped pattern 

reconfigurable antenna are summarized in Table 1. 

 

 
 

Fig. 1. The geometry of the proposed H-shaped antenna 

with MEMS. 

 

The simulation of the proposed antenna is carried by 

Ansoft HFSS and Zeeland IE3D. The proposed antenna 

is fabricated on RT Duroid-5880 substrate with a 

dielectric constant of 2.2, loss tangent of 0.0009 and 

thickness of 1.57 mm. The width of the microstrip line is 

calculated using the Line Gauge of EM software IE3D. 

The resonant frequency of the proposed antenna depends 

on the total length of the microstrip line. The total length 

of the antenna (ltot) can be calculated as: 

  
1 2totl w w  . (1) 

In order to get accurate dimensions and accurate 

response of the proposed antenna, the ratio between  

w1 and w2 should be roughly 1.23. Keeping the ratio 

between w1 and w2 constant to about 1.23 and the width 

of the strip line (l) constant, the equation for the resonant 

frequency (f0) of the antennas can be derived using the 

same procedure explained in [20, 21] as: 

 
0

1.67 tot e

c
f

l 




, (2) 

where εe is the effective dielectric constant, and c is the 

speed of light in free space. 

 

Table 1: Proposed antenna parameters 

Parameters Value 

(mm) 

Parameters Value 

(mm) 

l 3 d1 6 

w1 37.25 d2 8 

w2 30.25 l1 4 

lg 17 l2 10 

wg1 37 l3 16.7 

wg2 35 l4 18.7 

 

The antenna consists of an optimized ground plane 

with dimensions of 17×72 mm². The H-shaped patch has 

dimensions of 37×67.5 mm², where the width of each 

side of the H-shaped patch is 3 mm. The overall 

dimensions of the proposed antenna including the 

ground plane are 37×72 mm². 

Two Radant MEMS single pole single through 

(SPST) RF MEMS switches are used for integration with 

the H-shaped antenna. The RF MEMS switches are 

highlighted in the fabricated version of proposed antenna 

as shown in Fig. 2. The RF MEMS switches (SPST-

RMSW101) has a frequency range up to 12 GHz.  

Figure 3 shows the close-up photograph of the RF-

MEMS switch placement.  One RF MEMS switch is 

placed on the rectangular patch with dimensions of  

6.5×4 mm², while the other switch is placed on a square 

patch of 4×4 mm² size. The DC lines of 1 mm width 

each, as shown in Fig. 2, are used to apply the DC 

voltage. The switches are activated by applying DC 

voltage of 90 volts, while the Gate, source and drain are 

connected to the antenna arms with three bonding wires 

as shown in Fig. 3. Each RF MEMS switch is also 

connected to the ground to activate it. In addition, a  

220 k chip resistor is placed in each DC line to limit 

the current flow for the RF MEMS switches.  
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The operation of the antennas is therefore based ON 

and OFF state of the switches (S1 and S2). Thus the RF 

MEMS switches are placed in such a way that the left 

arm, right arm or both arms of the H-shape antenna can 

be activated or de-activated accordingly. This enables 

the antenna to steer its beam in 3 different directions. In 

case 1 switch 1 is ON and switch 2 is OFF, in case 2 

switch 1 is OFF and switch 2 is ON, and in case 3 both 

switches are ON.  

 

 
(a) 

 
(b) 

 

Fig. 2. The photograph of the fabricated H-shaped patch 

reconfigurable antenna with two artificial switches: (a) 

front side and (b) back side. 

 
 

Fig. 3. The photograph of the RF MEMS switch 

placement. 

 

III. SIMULATED AND MEASURED 

RESULTS 
The H-shaped antenna was simulated using HFSS 

and IE3D for all the three cases. The fabricated antenna 

was also tested for all the three cases using Anritsu 

vector network analyzer 37369C. Figures 4-6 show the 

comparison of simulated and measured return loss (dB) 

for all the three cases, i.e. case 1 (ON-OFF), case 2 (OFF-

ON), case 3 (ON-ON).  

 

 
 

Fig. 4. Simulated and measured return loss for case 1 

(ON-OFF). 

 

 
 

Fig. 5. Simulated and measured return loss for case 2 

(OFF-ON). 

 

As evident from Fig. 4, Fig. 5 and Fig. 6, a good 

agreement can be found in simulated and measured 

results. For all the three different cases the proposed H-

shaped antenna has an operating frequency of 1.8 GHz 
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with good matching. The characteristics of the H-shaped 

microstrip antenna such as gain, maximum beam 

direction, and maximum electric current for all the three 

cases using IE3D and HFSS are listed in Table 2 and 

Table 3 respectively. 

 

 
 

Fig. 6. Simulated and measured return loss for case 3 

(ON-ON). 

 

Table 2: Simulated characteristics of proposed antenna 

using IE3D simulator 

Antenna State Case 1 Case 2 Case 3 

State of 

Artificial 

Switches 

s1 ON OFF ON 

s2 OFF ON ON 

Max. Beam 

Direction 

(degree) 

-70 75 10 

0 0 90 

Gain (dBi) 5.45 5.49 3.3 

 

Table 3: Characteristics of H-shaped antenna in three 

cases by HFSS simulator 

Antenna State Case 1 Case 2 Case 3 

State of 

Artificial 

Switches 

s1 ON OFF ON 

s2 OFF ON ON 

Max. Beam 

Direction 

(degree) 

-75 80 10 

0 0 90 

Gain (dBi) 6.25 6.28 4.01 

 

Figure 7 illustrates the simulated 3D radiation 

patterns of the three cases of proposed antenna at 1.8 

GHz using HFSS. A time domain antenna measurement 

system GEOZONDAS-AMS [22] is used to measure the 

radiation patterns for the proposed antenna. Figure 8 

shows the normalized 2D simulated and measured 

radiation patterns of the proposed antenna on xz-plane 

are presented for case 1 (ON-OFF state), case 2 (OFF-

ON state), and case 3 (ON-ON state) respectively. As 

seen in Fig. 8, the beam is steered in three different 

directions for the three cases. In case 1, the beam is  

directed at 270˚, while in case 2 the beam steers 180 

degree apart from case 1, i.e., the maximum beam 

direction is at 90˚. However, for case 3, a multiplicative 

beam of case 1 and case 2 is observed with slightly 

reduced gain of 4 dB. The surface current distributions 

on the antenna arms for the three cases is presented in 

Fig. 9. The current distributions were carried out in IE3D 

simulator at 1.8 GHz. 

 

 
(a) 

 
(b) 

 
(c) 

 
Fig. 7. The simulated 3D radiation patterns of the 

proposed antenna at 1.8GHz. 
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 (a) 

 
  (b) 

 
  (c) 

 

Fig. 8. The simulated and measured 2D normalized 

radiation patterns of the proposed antenna at 1.8GHz for: 

(a) case 1, (b) case 2, and (c) case 3 respectively. 

 

 
(a) 

 
(b) 

 
(c) 

 

Fig. 9. Surface current distributions for: (a) case 1, (b) 

case 2, and (c) case 3 respectively. 
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The proposed reconfigurable antenna has more 

switchable directions than all MEMS reconfigurable 

antennas mentioned in Table 4. Additionally, our 

antenna has better gain among all the antennas listed in 

Table 4. 

 

Table 4: Comparison Chart of reconfigurable antennas 

Reference 

No. of Beam 

Switchable 

Directions 

Gain in All 

Directions 

(dBi) 

[18] 2 NA 

[11] 2 NA 

[12] 2 3 ~ 6 

Our proposed 

antenna 
3 

Case 1: 6.25 

Case 2: 6.28 

Case 3: 4.01 

 

IV. CONCLUSION 
A novel pattern reconfigurable H-shaped microstrip 

antenna has been designed, simulated, fabricated and 

tested. Two commercially available RF MEMS switches 

are utilized to steer the beam in three distinct directions. 

The proposed antenna has a simple structure, low profile, 

and has low manufacturing cost. The frequency of the 

proposed microstrip antenna is 1.8GHz with peak gains 

of 6.25 dBi, 6.28 dBi, and 4.01 dBi for case 1, case 2, 

and case 3 respectively. The different states of the 

MEMS switches make it possible to steer the beam in 

different prescribed directions without affecting the 

resonant frequency. This concept of reconfigurable 

antenna pattern is quite attractive as on antenna device 

can be utilized to steer the pattern in different desirable 

directions. The measured return loss and radiation 

patterns of the fabricated antenna shows a close 

agreement with the simulated results. Thus making the 

proposed antenna suitable for incorporation in pattern 

reconfigurable systems.  
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Abstract ─ A novel printed crossed dipole antenna with 

reconfigurable circular and linear polarization is 

proposed. This antenna consists of a pair of L-shape 

elements and a narrow gap on each arm for inserting a 

conductive metal tab as an ideal switch in the center of 

the gap to control its on-off status. The theory of 

characteristic modes has been used to design and analyze 

the proposed antenna. Based on the presented idea, a 

prototype of such antenna has been constructed with the 

center operating frequency at about 2500 MHz. The 

experimental results have been presented and compared 

with those obtained from the simulation showing a good 

agreement. The antenna is low cost and possesses 

simultaneous circular and linear polarization which has 

not been reported in the literature for single-feed crossed 

dipole antennas. 
 

Index Terms ─ Characteristic modes, circular 

polarization, crossed dipole, diversity, linear 

polarization, reconfigurable. 
 

I. INTRODUCTION 
The crossed dipole is a common type of antenna 

used in a wide frequency range for generating circular 

polarization. 

Brown developed the first crossed dipole antenna in 

the 1930s under the name of “Turnstile Antenna” [1]. In 

1961 Bolster introduced a new type of crossed dipole 

antenna with a single feed for circular polarization 

radiation [2]. 

Based on this idea, numerous single-feed circularly 

polarized crossed dipole antennas have been designed 

[3-6]. For recent wireless communications, a circular 

polarization (CP) technique is popularly used because of 

its insensitivity to transmitter and receiver orientations 

[7]. In addition, antennas with a reconfigurable 

polarization have been studied to avoid the signal fading 

loss caused by multipath effects. Recent reconfigurable 

crossed dipole antennas only cover circular polarization 

[8] and having circular and linear polarization 

simultaneously can improve antenna applications.  

The theory of characteristic modes is one of the 

useful methods which are widely used for analyzing the 

antennas [9-10]. The theory of CM was first developed 

by Garbacz [11] and was later refined by Harrington and 

Mautz in the seventies [12-13]. Recently the theory of 

CM reemerged in designing antennas for modern 

applications such as crossed dipole antenna [14]. 

In this paper first, we provide a brief description of 

the theory of CM and its applications. Second, we 

introduce and analyze crossed dipole antenna in linear 

and circular polarization with CM theory. Finally, with 

the combination of the antenna structure in two types of 

polarizations a reconfigurable crossed dipole antenna 

with a switchable circular and linear polarization is 

presented. After implementation, we compare simulation 

and measurement results. 

 

II. THEORY OF  

CHARACTERISTIC MODES 
The theory of characteristic modes is presented here 

in brief. The characteristic modes or characteristic 

currents can be obtained as the eigenfunctions of the 

following particular weighted eigenvalue equation: 

𝑋(𝐽𝑛⃑⃑  ⃑) = 𝜆𝑛 𝑅(𝐽𝑛⃑⃑  ⃑), (1) 

where the 𝜆𝑛 are the eigenvalues, (Jn) are the 

eigenfunctions or the eigencurrents, and R and X are the 

real and imaginary parts of the impedance operator: 

𝑍 = 𝑅 + 𝑗𝑋. (2) 

Modal significance (3) and characteristic angle (4) are 

other antenna characteristics using the eigenvalue 

information to extract resonance information, 

𝑀𝑆𝑛 =  |
1

1+𝑗𝜆𝑛
|, (3) 

𝛼𝑛 = 180° − 𝑡𝑎𝑛−1 𝜆𝑛. (4) 
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The resonance of each mode can be identified by the 

maximum value of each modal significance curve 

corresponding to the characteristic angle that is equal to 

180°. This means that the closer the modal significance 

to its maximum value or characteristic angle to 180°, the 

more effective the associated mode contributing to 

radiation. 

If excitation is present the modal excitation and the 

modal weighting coefficient are calculated, giving an 

indication of how well the excitation will excite each 

mode and how presented in total current distribution. 

 

III. ANTENNA DESIGN 
The idea and the procedure for antenna design are 

presented in the following subsections. The crossed 

dipole antenna is analyzed in the forms of simple metal 

strip structures in linear and circular polarization 

according to CM theory. With the reference obtained 

from the above procedure, we propose a reconfigurable 

antenna with linear and circular polarization. This 

prototype antenna is simulated and constructed based on 

a dielectric substrate. 

 

A. Linear polarization mode 

Figure 1 shows the configuration of a simple crossed 

dipole antenna composed of two orthogonal L-shape 

metal strips with a vertical distance of 0.5 millimeters in 

air substrate and the length of each arm along x or y-

direction is d1= d2 = 30 millimeters and the width of 

each arm is w = 1 millimeter. 

 

 
 

Fig. 1. Simple crossed dipole antenna. 

 

The modal analysis of this structure is performed by 

the software for electromagnetic simulations (FEKO) 

[15] using characteristic modes request. 

The core of the program FEKO is based on the 

method of moments (MoM). The MoM is a full wave 

solution of Maxwell’s integral equations in the 

frequency domain. The FEKO solver supports RWG 

(Rao-Wilton-Glisson) [16] and higher order hierarchical 

basis functions. The procedure begins when the antenna 

surface is discretized using triangles. Then with the aid 

of the RWG method, the software extracts the Z 

impedance matrix. 

This impedance matrix is used to calculate the 

eigenmodes and eigenvalues of the given antenna. This 

method is used stepwise at isolated frequency points 

through the predefined frequency range. The eigenvalues 

are the main parameters to calculate the additional modal 

parameters, e.g., modal significance and characteristic 

angle. 

Figure 2 shows the variation of the modal 

significance and modal weighting coefficient with the 

frequency related to current modes (Jn) of the crossed 

dipole antenna. 

It can be noticed that the modes 1 and 2 resonate 

around 2.4 GHz and mode 3 resonates at 2.6 GHz and 

other modes resonate at higher frequencies as indicated 

by their corresponding modal significance curves. 

 

 
 (a) 

 
 (b) 

 

Fig. 2. Crossed dipole in linear mode: (a) modal 

significance, and (b) modal weighting coefficient. 

 

Among these modes with feeding point in Fig. 1, 

only mode 1 radiates as seen in corresponding modal 

weighting coefficient curves, in other words, the antenna 

in Fig. 1 radiates in linear polarization mode. 

Figure 3 shows the normalized electric field (En) at 

2.4 GHz associated with the characteristic currents (Jn). 

It can be appreciated that far field produced by mode 1 

is similar to the final far-field pattern of the antenna. 

 

B. Circular polarization mode 

It is a well-known fact that to get circular 

polarization, it is essential to combine two orthogonal 

and linearly polarized modes with the same current 

amplitude and with a phase difference of 90º. 

This is simply achieved by combining modes 1 and 

2. To produce the required phase shift of current the 
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length of d1 (for both arms) can be increased making 

d`1=d1+a, causing the resonance frequency of mode 1 

which moves to lower values and simultaneously 

shortens the length of the d2 (for both arms) making 

d`2=d2-a causing the resonance frequency of mode 2 that 

moves to higher values as seen in the curves of modal 

significance of Fig. 4.  

Figure 4 also shows what happens to the curves of 

the characteristic angle and modal weighting coefficient. 

It can be seen that the characteristic angle curves 

corresponding to modes 1 and 2 have a phase difference 

of 90º at the point that both modes have exactly the same 

amplitude of the normalized current.  
 

 
 

Fig. 3. Comparison of modal field and far-field pattern. 

 

For a value of a = 2.5 mm the desired displacement 

between modes 1 and 2 is obtained. Moreover, as shown 

in Fig. 4, modal weighting coefficient curves (mode 1 

and mode 2) have identical parts in final radiation power 

and other modes can be neglected in comparison to them. 

So there are two orthogonal modes that meet the required 

conditions for circular polarization. 

Depending on which arms (increased or decreased), 

the polarization can be RHCP or LHCP. 

Also, based on current distribution, we could assess 

this antenna. From Fig. 2 (b) and Fig. 4 (c), we learn that 

in linear mode, only mode one radiates although in 

circular mode, two modes (one and two) radiate 

simultaneously.  

Figure 5 shows the current distribution in linear and 

circular modes. As we can see in linear mode, the current 

flow to all four antenna arms via antenna port, we get 

linear slant polarization. 

In the circular mode, the current flow in two aligned 

arms in mode1, and other two arms in mode 2, with a 

phase difference of 90º, resulted in circular polarization 

[17-18]. 
 

 
   (a) 

 
 (b) 

 
   (c) 

 

Fig. 4. Crossed dipole in circular mode: (a) modal 

significance, (b) characteristic angle, and (c) modal 

weighting coefficient. 

 

C. Proposed antenna geometry 

With the ideas explained in parts A and B, we 

propose the configuration of the antenna in Fig. 6. There 

are L-shape elements composed of two orthogonal arms 

on both sides of a dielectric substrate. On each arm, there 

is a narrow gap and a conductive metal tab or metal 

bridge as an ideal switch that can be inserted on each gap. 

A reflector is used for providing balanced feeding with a 

coaxial cable and a higher gain. The air gap between the 

ground-connected reflector and the crossed dipole is 

equal to λ0/4. 
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Fig. 5. Crossed dipole current distribution for linear 

mode in comparison to circular modes. 

 

The states of the switches and the antenna 

polarization are summarized in Table 1. 
 

Table 1: Antenna polarization corresponding to states of 

switches 

Switch D1 D2 D3 D4 Polarization 

State 1 On Off On Off LHCP 

State 2 Off On Off On RHCP 

State 3 On On On On Linear Pol. 

 
When D1and D3 are on and D2 and D4 are off, the 

antenna radiates on a left-hand CP (LHCP) mode and the 

opposite states of the diodes generate the radiation on a 

right-hand CP (RHCP) mode. When all switches are on, 

the antenna radiates on a linear polarization mode.  

The proposed antenna is implemented on a substrate 

with a relative permittivity of 4.4 (FR4) and a thickness 

of 0.508 mm. Figure 8 shows the photo of an RHCP 

antenna. 

Ideal switches that are on, in Fig. 6, are represented 

by conductive metal tabs on the gaps while those that are 

off are represented by leaving the gap unchanged. It has 

been shown that these simplified implementations of 

switches, provide acceptable representations for the 

actual switches [19-22]. 

The parameters of the crossed dipole shown in Fig. 

6 are L1 = 20.4 mm, L2 = 3.1 mm, L3 = 30 mm, G = 1.1 

mm, W1 = 1 mm, r1 = 0.8 mm, r2 = 1.5 mm, r3 = 1.9 mm, 

and α = 45°.There are two vias each with a diameter of 

0.2 mm. The antenna is center-fed by a 50  coaxial 

cable and is placed at a quarter-wavelength above a 

square reflector to obtain a directional CP or linear 

radiation pattern. 

 

 
 (a) 

 
 (b)  

 

Fig. 6. The configuration of the proposed antenna: (a) top 

view, and (b) side view. 

 

The antenna has one port for both linear and circular 

polarization. For isolation between linear mode and 

circular mode, we can consider the axial ratio. The axial 

ratio in the circular antenna (LHCP or RHCP) is about 3 

dB and in the linear antenna is greater than 30 dB in the 

desired bandwidth.  

HFSS computes the polarization ratio circular 

LHCP and polarization ratio circular RHCP at each 

selected aspect angle, so if the polarization ratio circular 

RHCP is high it means that we have RHCP antenna and 

vice versa. So the difference between the two graphs in 

each figure indicates the isolation between the two 

circular polarization in the antenna. Polarization ratio for 

RHCP antenna and LHCP antenna are shown in Fig. 7 

so as we see in the figure there is proper isolation 

between RHCP and LHCP mode. 
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 (a) 

 
  (b)   (c) 

 

Fig. 7. (a) Axial ratio for linear mode compare to circular 

modes, (b) polarization ratio in LHCP antenna mode, (c) 

polarization ratio in RHCP antenna mode. 

 

 
 

Fig. 8. Photos of RHCP crossed dipole antenna. 

 

IV. RESULTS 
The proposed antenna has been analyzed and 

optimized with the aid of the Ansoft HFSS and a 

prototype of the proposed design with the operating 

frequency at about 2500 MHz has been constructed and 

studied. 

Figure 9 shows the simulated and measured return 

losses in three states based on Table 1. The measured 

data in general, agree with the simulated results. 

 

 
 (a) 

 
(b) 

 
(c) 

 

Fig. 9. Return loss and gain: (a) LHCP, (b) RHCP, (c) 

Linear Polarization. 

 

Figure 10 shows the simulated and measured axial 

ratio for circular polarization mode. The obtained 3-dB 

axial ratio bandwidth reaches 140 MHz (2500-2640 

MHz) with a center frequency of 2570 MHz that is 

slightly shifted in respect to the center frequency at 2500 

MHz at which a minimum axial ratio is expected. From 
the measured return loss shown in Fig. 9, it is evident 

that the return loss for circular polarization is about 10 

dB and for linear polarization is better than  

12 dB in 3-dB axial ratio bandwidth. Figure 9 also 

presents the measured antenna gain and the average 

antenna gain level is about 7 dBi in 3-dB axial ratio 

bandwidth. 

 

NIKFAL, DADASHZADEH, NASER-MOGHADASI: A RECONFIGURABLE CROSSED DIPOLE ANTENNA FOR POLARIZATION DIVERSITY 1324



 
 

Fig. 10. Axial ratio for circular polarization. 

 

Figures 11 and 12 show the simulated and measured 

radiation pattern in linear and circular polarization 

modes respectively. The radiation patterns have been 

measured in XZ-plane ( = 0°) and YZ-plane ( = 90°). 

It is also noted that the antenna has a slant polarization 

in linear mode. 
 

 
 

Fig. 11. Normalized radiation pattern in linear 

polarization mode. 

 
 

Fig. 12. Normalized radiation pattern in left-hand 

circular polarization mode. 

 

A comparison of the performances of the proposed 

antenna and other crossed dipole antennas [8, 14] is 

shown in Table 2. According to this table, the proposed 

antenna can produce three polarizations including linear 

polarization, LHCP, RHCP and possesses better return 

loss in 3-dB axial ratio bandwidth. 
 

V. CONCLUSION 
This paper demonstrates a crossed dipole antenna by 

employing the theory of characteristic modes in a single 

coaxial feed. It has been shown that CM theory provides 

valuable information for mode excitation without any 

design complexity. The design in this paper illustrates 

that with changing lengths of antenna arms, we can 

excite desired modes and polarizations. The proposed 

reconfigurable antenna can produce LHCP and RHCP 

and linear polarization. It is expected that by applying 

this procedure on other CP antennas, we can achieve new 

design for polarization reconfigurable antennas. 

 

Table 2: Comparison of the performances of crossed dipole antennas 

Antenna 

Structure 

Size of Antenna 

(Without Biasing 

Circuit) 

3-dB Axial Ratio 

Bandwidth 

Return Loss in 

3-dB Axial 

Ratio BW 

Number of Polarizations 

Proposed 

antenna 

0.422λ0×0.422λ0 

(at 2.57 GHz) 
(2500-2640 MHz) 4.3% 10 dB (average) 

Three 

(Linear Pol.-LHCP-RHCP) 

Ref. [8] 
0.37λ0×0.37λ0 

(at 2.16 GHz) 
(2050-2270 MHz) 10.2% 7.4 dB (average) 

Two 

(LHCP-RHCP) 

Ref. [14] 
0.516λ0×0.448λ0 

(at 289.25 MHz) 
(296-282.5 MHz) 4.7% ----- 

Two 

(LHCP-RHCP) 
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Abstract ─ Microwave absorbers have been widely  

used in electromagnetic compatibility, radar absorbing 

material and cloaking etc., and therefore attract much 

attention in recent years. In this work, a microwave 

absorber based on an array of receiving folded-dipoles 

with a grounded air spacer is proposed. The cell of the 

absorber can be seen as a three resonators in tandem 

formed by dipole-mode and stub-modes of the receiving 

folded dipole and the grounded spacer with thickness of 

λ/4, i.e., an equivalent three-pole filter.  Based on the 

equivalent circuit, the impedance matching during a 

wide frequency range can be achieved. Moreover, to 

verify the proposed technique, a prototype of dual-

polarized absorber is fabricated and measured. A little 

variation between the simulation and measurement 

results are observed, however, the relative bandwidth 

can still reach up to 105%. In addition, compared with 

other absorbers constructed with metal and lumped 

elements, the proposed absorber has a high ratio of 

bandwidth/thickness, which is around 8.5 and be with 

dual-polarizations. 

 

Index Terms ─ Electromagnetic shielding, equivalent 

circuit, folded dipole array, microwave absorber. 
 

I. INTRODUCTION 
Electromagnetic absorber have been used in many 

areas, such as Radar Absorbing Material (RAM) for 

improving the radar performance (by reducing interfering 

reflections from other objects) or radar camouflages [1], 

measurements of electromagnetic compatibility (EMC) 

and measurements of antenna radiation pattern in 

anechoic chambers etc.  

The classical Salisbury screen invented by Salisbury 

in 1952 is one type of well-known absorbers, which  

is constructed with a resistive sheet of 377 Ω /sq. and  

a backing ground plane at λ/4 away [2]; and gives a 

perfectly zero reflection at the resonance. Others like 

Dallenbach layers loaded with high impedance surfaces, 

circuit analogue RAMs, magnetic absorbers, and lossy 

frequency selective surfaces has been investigated [3] - 

[7]; however, most of their relative bandwidths are not 

wide – substantially less than 100%.  

Usually, to furtherly enhance the bandwidth, multi-

layer structure is the primary choice. A capacitive circuit 

absorber with three layers in [8], which replaces the 

band-stop resonating frequency selective surfaces (FSS) 

with low-pass capacitive circuit analog absorber (CA 

absorber) that gives a very wide bandwidth of 4 GHz to 

24 GHz. Some other examples use optimization method 

like Genetic Algorithm (GA) to find the optimal layer 

thickness so as to achieve a maximum bandwidth [9]. 

Unfortunately, although the bandwidth can be made very 

wide, the absorber is bulky, difficult to fine adjust on the 

layers and therefore expensive. In [10], double square 

loop and dipole with lumped resistors are used to form 

the absorber, which can achieve better performance at 

the absorption band; but the bandwidth is not very wide. 

Other structures like 3-D periodic absorber invented by 

Shen’s group [11]. In their work, a periodic structure of 

3-D geometry with lump elements is introduced between 

the ground plane and the top resistive/capacitive layer. A 

microwave absorber of 100% bandwidth was achieved 

and the performance of absorption under oblique 

incidence were stable at the range of θ = 0o~30o. However, 

it is some kind of difficult to assemble for its 3-D 

geometry and the amount of soldering work involved. 

Generally, in most publications, absorbers based on 

periodic cells are considered as independent microwave 

circuits or an extensive application of FSS. However,  

in our previous work [12-13], the design of an absorber 

starts with a receiving antenna. The most difference 

from the absorber and the traditional receiving antenna 

is that the incident wave received by the former ones is 

mostly dissipated, while by the latter ones is transmitted 

to the next level. Therefore, the absorber based on periodic 

cells can be seen as a special application of receiving 

antenna array. In [14], Lin etc. also proposed a broadband 

absorber of single-polarization with the receiving antenna 

concept. 
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In this work, a novel broadband absorber constructed 

with a top-loading folded-dipole array is proposed.  

The measured results show a small deviation from the 

simulations, that the measured relative bandwidth is 

105% approximately, which is less than our expectation. 

The reasons might be the wide band has reached the 

frequency limit of the measuring system. Besides, the 

parasitic effects of the surface mounted resistor also 

contribute to the frequency deviation. For further 

demonstration, we compare the performances of this 

absorber with others in the literatures above, and find 

that the proposed absorber can achieve wide bandwidth 

but with small thickness. 
 

II. EQUIVALENT CIRCUITS & DESIGNS 

A. Equivalent circuit of the absorber cell based on 

folded dipole 

As mentioned above, an absorber is more like a 

receiving antenna array, while the receiving EM wave 

dissipated other than transmitted to the receiver, as 

shown in [12]. In this work, the folded dipole array 

receive the incident wave and then dissipate on the  

load at the center and end of the dipole. Each cell of  

the absorber is equivalent to a square waveguide (with 

electric or magnetic walls) loaded across with a folded-

dipole with resistor RL, and followed by a λ/4 spacer  

to a ground plane. Figure 1 gives the corresponding 

equivalent circuit , while the upper Ru of the stub mode 

comes from the optional loading Rs at the end of each 

stub of the (λ/4) folded dipole, with Ru = Z0
2/Rs; the lower 

Rd is similar to Ru. The equivalent circuit is composed of 

three resonators, i.e., a parallel-circuit resonator (of the 

stub mode of the folding), a series-circuit resonator (of 

the mode of a standard dipole) and then a parallel-circuit 

resonator (of the unit cell stub of spacer and ground 

below the folded-dipole). The resonators in tandem, 

parallel to series to parallel, perform as standard filter. 

Nevertheless, the equivalent circuit of the unit cell 

in Fig. 1 does not precisely describe the characteristics 

of folded-dipole absorber; this is because a) the fringe 

fields have been neglected, e.g., the field effect of the 

short end of the folded-dipole. More importantly, b) the 

ZM from the mutual impedances of all adjacent folded-

dipoles outside the unit cell is tedious to derive 

analytically. Therefore, based on the equivalent circuit, 

one can move S11 loops in Smith chart analytically, such 

as up, down, left, right, and changing loop sizes. The goal 

of the moves above is to fit the multi-loop locus of S11 

within the -10 dB circle at the center of the Smith chart 

as long a length as possible; and therefore make the 

bandwidth as wide as possible.  

Table 1 lists the links of the physical parameters to 

the impedance and reflections of the absorber surface; 

following these links, a regular folded dipole with initial 

settings of D = 4ar, al = ar = 0.15 mm, lu = ld = l = 25mm 

and RA = 600 ohm can be improved to have a wide 

bandwidth of 99.1%. 

 
Table 1 Parameter adjustments and its theoretical basis 

Parameter 

Adjustments 
Theoretical Basis and Dffects 

D↑ 
Cr↑and Lr↑, then Q↓, and then wider 

bandwidth 

ar 
To achieve wide bandwidth, it is better 

to have 
𝑑𝑋𝑟

𝑑𝑓
+

𝑑𝐵𝑡

𝑑𝑓
= 0 in a wide band. 

When D is fixed, a proper value of ar 

and K can be found. 
K 

lu<l & ld <l 

Off-tuning the resonances, to get a 

maximum length of frequency locus 

running within the -10 dB circle 

RA 

To suppresses the high current and 

therefore the lowers the reflections 

S11 of the spurious resonances to 

below -10 dB over a wide band. 

 
B. A practical wideband dual-polarized absorber 

A dual-polarized folded dipole array for practical 

use is a little more complicated than a singly polarized 

one. Therefore, for the dual polarized folded dipole  

array as a practically wideband absorber, three further 

adjustments may be needed and given below. 
 

 
 

Fig. 1. Equivalent circuit of a unit cell on a folded-dipole array absorber. 
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(a) Increasing the dipole length to get off-tuning 

By top-loading the dipole with triangles at the sides 

of each end of the dipole as shown in Fig. 2, the dipole 

length l is effectively made longer but still within the unit 

cell. Obviously, the length 2lu twin-strip stubs is shorter 

than the dipole l, and with a suitable off tuning between 

the stub and dipole modes, one can get a wider band, as 

listed in Table 1. 

 

50 A/m2

 
   (a) Rs = 60 ohm, Jmax = 50 A/m 

200 A/m2

 
   (b) Rs = 0, Jmax = 200 A/m 

 

Fig. 2. Current distributions at f = 7.2 GHz for the two 

cases. 

 

(b) Adding Rs to each end of the folded dipole to 

suppress spurious mode 

The closeness of the dipole ends means high 

capacitance between them, which might produce an 

extraneous mode of narrow band of high S11. The 

extraneous mode can bring strong current flowing across 

the short circuits of the opposite folded dipoles as 

bridges from the left to the right. However, the strong 

current can be suppressed by inserting a resistor of  

the Rs. Figure 2 also shows the actual current flow of 

suppression before and after the insertion of Rs. Figures 

3 (a) and 3 (b) show the corresponding elimination of  

the spurious S11, in the Smith chart and in linear plots. 

Meanwhile, Rs is about 60 Ω, which is substantially 

smaller than the characteristic Z0 of the twin-strip at about 

200 Ω; as a result, the presence Rs does not significantly 

affect the characteristic of the open circuit resonator.  
 

 
 (a) S11 in Smith chart 

 
 (b) Linear S11 vs. f 
 

Fig. 3. Adding Rs to illuminate the spurious mode. 

 

(c) Flipping thin dielectric slab on top of the air 

spacer  

Generally, the folded dipole is usually printed on the 

top of the dielectric slab; however, to protect the metal 

parts of the absorber, one can flip the normal dielectric 

slab, and so that the folded dipoles are printed at the 

bottom of the dielectric slab as shown in Fig. 2. The 

flipping of the thin Teflon slab change the mutual 

couplings a little between the dipole ends, and therefore 

changes the excitation of the spurious mode as well. This 

means that the resistance Rs at the end of the folded 

dipole may be adjusted slightly to get the best suppression 

of the spurious mode and the final optimized bandwidth 

of the absorber. When t = 0.5 mm, Fig. 4 then shows the 

final S11 and bandwidths of the absorber, at the flipped 

case and the normal cases. Although the bandwidth 

improvement is not very significant, the flipping moves 

the printed folded dipoles behind the dielectric slab; and 

the move does provide some mechanical protect to the 

folded dipoles against possible mechanical damages, 
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e.g., scratches causing an open circuit to a folded dipole 

in the array. Additionally, the move can also protect the 

metal parts from oxidation and other chemical damages 

in some extent. Most importantly, the final bandwidth of 

the flipped case can reach up to 120%, i.e., a ratio of 4:1 

between the upper and lower frequency limits. 

 

 
 

Fig. 4. Comparison of reflections of the absorber surface 

with optimized parameters in different cases, while  

al =0.2mm, ar = 1.2mm, D = 4.2mm, bf = 4.5mm,  

lt = 20mm, ae = 0.4mm, RA = 300 ohm and Rs = 80 ohm. 

 

III. RESULTS AND DISCUSSIONS 

A. Experimental validation and discussions 

To validate the final designs at Fig. 4 of the folded 

dipole absorber with flipped and normal slabs, we 

fabricated two prototypes with same array size (300mm 

* 300mm) but with different total thicknesses h. They 

both consist of 11*10 folded dipole elements as in Fig. 

5. By using plastic screws via the slab to the ground, one 

can easily adjust the distance between them, which is 

also the thickness of the spacer. For practical engineering, 

however, the foam spacer may still be necessary because 

of its mechanical stability. The measurement setup is 

composed of two wideband horn antennas positioned on 

an arch support, with operating range of the horns from 

2 GHz to 18 GHz.  

 

 
 (a) Folded dipoles in Normal position 

 
 (b) Flipped folded dipole array 

 

Fig. 5. Prototype of the absorber surface made of top-

triangle-loaded folded dipole.  

 

Figure 6 then shows the measured and simulated 

reflection coefficients of the four absorbers with similar 

physical parameters, except that the position and the 

thicknesses of the slab.  

 

 
 (a) t = 0.5 mm  

 
 (b) t = 1 mm 
 

Fig. 6. Comparison of the reflections between simulation 

and measurement for the cases of slab with different, 

while al = 0.2 mm, ar = 1.2 mm, D = 4.2mm, bf = 4.5 mm, 

lt = 20 mm, ae = 0.4 mm, RA = 310 ohm and Rs = 82 ohm. 
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From Fig. 6, one can find that the measured result 

has a small deviation from the simulated ones at the 

lower frequency part, which the lower limit of the 

frequency band moves from 2 GHz to 2.6 GHz, and 

therefore leads to a decrease of the relative bandwidth, 

i.e., from 120% to 104%. The reasons could be as the 

follows: 1) the simulated bandwidth of the dipole is from 

2 GHz to 8.3 GHz, in which the lower bounder is 

reaching the measurement limit of the horn antenna. This 

means that the feeding horn is operating at the right to its 

frequency limit, and minor error would happen at the 

limit; 2) the parasitic effects appeared on the Surface-

mount resistor. The prototype measured in this work 

contains 11*10 cells, and each cell has eight resistors. 

For the consideration of cost, we apply normal surface-

mount resistors to the cell, which might bring parasitic 

inductive reluctance at higher frequencies, and lead to  

a frequency deviation to the right. Actually, to decrease 

the parasitic effects, the author tried to lower the center 

frequency of the absorber, but still bound to the 

measurement system. However, if we did not consider 

too much on the cost, the results would agree well with 

the simulation results. 

Figure 6 also indicates that the differences in S11 

between absorbers made of normal slab and flipped ones 

is little. One can see that, the bandwidths for both cases 

are almost same, which means that the effects of flipping 

is very less. However, in practical engineering, the flipped 

structure of Fig. 5 (b) might be better in preventing from 

the unexpected mechanical damages to the printed folded 

dipoles. 

 

B. S11 of the dual-polarized surface under oblique 

incidences of TE and TM Modes 

Figures 7 (a) and 7 (b) give the calculated S11 vs. f 

for the case of (slab thickness) t = 1 mm, in the TE and 

TM incidence directions respectively. Figures 7 (a) and 

7 (b) also show the angular stability of S11 vs. f curves  

of the dual-polarization absorber surface of the folded 

dipole array. Angular stability represents the effects of 

the oblique incident waves on the bandwidth of the 

absorber. For instance, when the direction of the incident 

wave θ is under 30o (from the normal direction of the 

absorber), the -10 dB bandwidth can be above 100% for 

both the TE and TM waves; the angular stability may  

be said to be good. As the angle θ becomes 45o, the 

reflections become larger but can still be under -7dB 

(absorption of 80%) during a wide band, one can still 

consider the angular stability as reasonably good. 

 

C. Discussions 

Table 2 lists the comparisons between our work and 

others published in recent years. Note that the that the 

fractional bandwidth of the absorber usually refers to 

FB=(fh-fl)/f0, while fh and fl denote the upper and lower 

frequency limits of |S11|≤-10dB (the absorption A = (1-

|S11|2 )*100%, -10dB of |S11|can get an absorption of 90%, 

which is good enough for most applications). From 

Table 2, one can find that, with the techniques of lossy 

FSS or metal FSS with lumped elements, the widest 

bandwidth is 117% in Ref. [7], but the thickness is larger 

and then lead to a lower value of Q, which is only five. 

In our work, the relative bandwidth of our proposed 

folded-dipole absorber can reach up to 120% in 

simulation, and 105% in measurement. Besides, by 

comparing the value of Q of each absorber in Table 2, 

one can also find that, the proposed absorber in this work 

has shown a good performance. 

 

 
 (a) TE wave  

 
 (b) TM wave 
 

Fig. 7. S11 of the absorber surface under oblique incident 

waves, while the oblique angle is ranging from 0o to 60o. 
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Table 2: Comparison of numerical results of different absorber surfaces in the literature 

Absorbing 

Surface 

Type 

Type Spacers 
Total 

Thickness (d) 

fL ~ fH (GHz) 

( ) 
Q = Δλ/d 

(Δλ=λmax-λmin) 

Good 

Angular 

Stability

 
Ref. [4] 

Shaped resistive 

sheet 
Air 

5.0 mm 

(0.25 λ0
*) 

7 ~ 22 (BW=103.5%) 5.84 0o ~ 45o 

Ref. [7] 

Salisbury screen 

with resistive 

loading 

Air 
9.0 mm 

(0.33 λ0) 
4.5 ~ 17.5 (BW=117%) 5.5 0o ~ 40o 

Ref. [9] 
Metal with lump 

resistors 

FR4 substrate 

εr = 4.4 

3.18 mm 

(0.138 λ0) 
8 ~ 18 (BW=77%) 6.55 - 

Ref. [10] 3-D geometry εr = 3 
20.0 mm 

(0.22 λ0) 
1.5 ~ 5 (BW=107%) 7 0o ~ 30o 

Our work 
Metal with lump 

resistors 

Teflon substrate 

(εr1 = 2.65, h1 = 1 mm) 

and foam 

(εr2 = 1.06, h2 = 10 mm) 

11.0 mm 

(0.19 λ0 ) 
2.05 ~ 8.3 (BW=120%) 

10.02 

(simulation) 
0o ~ 45o 

 

VI. CONCLUSION 
A practical dual-polarized absorber surface with 

high ratio of bandwidth/thickness is proposed in this 

work, which is constructed in the form of a folded dipole 

array with a grounded spacer. Unlike the traditional 

understanding of the absorber made of lossy FSS, the 

proposed absorber surface in this work is considered as 

a receiving dipole array but dissipating the incident wave 

other than transmitting it to the receiver. To verify our 

proposal, we fabricated and measured two prototypes  

of the dual-polarized absorber with different thickness  

of the slab. The hardware experiments show that the 

bandwidth only reaches 105%, a small decrease from the 

simulation results, which is likely due to an error of the 

measuring system being pushed to its frequency limits, 

and the parasitic effects occurs at the surface-mounted 

resistors. However, the absorber in this work shows a 

quite good performance in Q = Δλ/d, which can be around 

8.5.  
In this work, all simulations are carried out through 

HFSS or CST; however, with the manipulations of the 

Smith chart guided by the equivalent circuit, the amount 

of computation might be quite small. This is in contrast 

with the amount of computation needed when 

optimization of the absorber surface is done solely by 

numerical means and over the whole structure in a one-

off solution. It is reasonable to expect the computation 

and optimization of a device would speed up by making 

use of prior knowledge; to achieve this, the space mapping 

approach uses coarse segmentation; this paper uses 

equivalent circuit and Smith chart manipulations, and 

thus provides a good physical insight. 
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Abstract ─ In this paper, we present a three-bit phase 

resolution and low profile unit-cell structure for X-band 

passive transmitarrays. The unit-cell is implemented 

using four metallic layers printed on two substrates 

separated by an air gap. The phase shift is achieved by  

a combination between current flow modification on 

middle layers and the variation of the size of path 

elements. Eight unit-cells are optimized to provide eight 

phase states with a step of 45°. Experimental results  

are conducted by using WR-90 waveguide to validate  

the design. These eight unit-cells cover a wide -3 dB 

transmission bandwidth of 15% and exhibit a low 

thickness of 0.18λ0. 

 

Index Terms ─ Cut-ring patch, reflectarray, ring slot, 

transmitarray, unit-cell design. 
 

I. INTRODUCTION 
Microstrip transmitarray antenna is currently 

received many attentions for applications which require 

high gain antennas such as point-to-point wireless 

communications, satellite communications and radar 

applications. The microstrip transmitarray antenna offers 

many advantages over classic lens antenna in terms  

of light weight, low profile and low cost. A typical 

microstrip transmitarray antenna consists of a feeding 

source placed at the focal point and an array of 

transmitarray unit-cells. The operating principle of a 

transmitarray is based on the phase compensation. Each 

unit-cell is designed to provide a required phase shift in 

order to collimate the incident power from the source 

into a desired direction. To compensate for any required 

phase, the unit-cell should have a phase range of at  

least 360° while maintaining low transmission loss to 

maximize the efficiency.   

Currently, unit-cell structures based on multi-layer 

frequency selective surfaces (FSS) are widely applied in 

transmitarray antennas [1-5]. The advantages of these 

structures are simple manufacturing process and low 

transmission loss. However, they are usually bulky due 

to large number of dielectric layers separated by an air  

gap of λ0/4 between layers. As presented in [8], a 

maximum phase range for a single layer is 90° for -3dB 

transmission coefficient. To achieve a full 360° phase 

range, the unit-cells using four-layer structure have been 

proposed in [1-2]. The spacing between two layers of 

λ0/4 makes the total thickness of these unit-cells to 3λ0/4. 

Different efforts have been devoted to reduce the profile 

of transmitarray unit-cells by reducing the number of 

layers to three [3-5]. Although the number of layers is 

reduced, the phase range of these proposed unit-cells 

cannot achieve 360° for -3 dB transmission coefficient. 

A transmitarray unit-cell based on a combination of C-

patches and a ring slots loaded with rectangular gap was 

investigated [6]. The unit-cell was designed by using two 

substrates with only one air gap. This helps reduce the 

unit-cell complexity and the cost to precisely align 

multiple layers. Simulation results showed that the unit-

cell can provide a large phase range and a low thickness.  

In this paper, experimental validation for the 

transmitarray unit-cell structure using C-patch and ring 

slot loaded with rectangular gap is presented. We 

demonstrate that a low profile unit-cell structure can 

provide a large transmission phase range, wide -3 dB 

transmission bandwidth. A set of eight unit-cells are 

optimized for providing eight phase states with a step  

of 45° at 11.5 GHz. Prototypes of the eight unit-cells 

have been fabricated to validate the performance of the 

proposed unit-cell structure.  
 

II. TRANSMITARRAY UNIT-CELL 

A. Transmitarray unit-cell structure 

The unit-cell structure is shown in Fig. 1. It is 

fabricated using two identical substrates which are Roger 

5870 with a thickness of 1.575 mm and εr = 2.33. The 

two substrates are placed in cascade and separated by 1.6 

mm of air. For each substrate, a C-patch is printed on the 

top while a ring slot loaded by rectangular gap is printed 

on the bottom. The structure operates with a linear 

polarization. In this case, the orientation of E-field is 

perpendicular to the gap of the C-patch, as shown in Fig. 

1. 
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Fig. 1. Geometry of the proposed transmitarray unit-cell 

structure. 
 

For a unit-cell using FSS, a full 360° phase range 

cannot be obtained with a single layer. An approach to 

increase the phase range is to increase number of layers 

of relatively wideband patch elements. As demonstrated 

in [8], the maximum transmission phase range for  

-1dB transmission coefficient, applying for a separation 

between layers of λ0/4 are 54°, 170°, 308°, and full 360° 

for single, double, triple, and quad-layer FSS, respectively. 

In our design, the unit-cell is also made of a four-layer 

structure, we optimize it to achieve a low thickness while 

maintaining a large phase range. The method to vary  

the transmission phase is based on the variation of 

dimension of patch elements, combining with the 

modification of the current flow on two middle layers. 

The modification of the current flow on two middle 

layers causes a modification of the current on C-patches, 

which leads to a modification of the transmission phase 

of the transmission wave. Modifying the current on 

middle layers is carried out through modifying the 

rectangular gap length of the ring slots, as shown in [7]. 

In this work, eight unit-cells are optimized to provide 

eight phase states with a phase step of 45° at 11.5 GHz. 

These eight unit-cells can be divided into two groups. 

The first group comprises three unit-cells (cell No.1, 

No.2 and No.3) in which the rectangular gap is terminated 

at the centre of the ring slot, while the rectangular gap  

of the unit-cells in the second group is terminated at  

a distance l of about 1.75 mm from the centre of the  

ring slot. The distance (l) of 1.75 mm is chosen so that 

the current directions on the C-patch when l = 1.75 mm 

is opposite to that when l = 0 mm. The opposite of  

the current directions leads to a large difference of 

transmission phase between two cases. The variation of 

the transmission phase of unit-cells in each group is 

obtained by varying the dimension of C-patches and ring 

slots. Table 1 shows detailed dimension of the eight  

unit-cells. Total thickness of a unit-cell is 4.75 mm 

corresponding to 0.18λ0 and the cell size equals 0.54λ0,  

where λ0 is the wavelength in free-space. 

Table 1: Dimensions of the eight unit-cells 

Unit 

Cell 

Cut-ring Patch 

(mm) 

Ring Slot 

(mm) 

Normalized 

Phase (°) at 

11.5 GHz 

No.1 
Rout=5.4, 

Rin=1.3, t=1 

rout=6, rin=5.1, 

w=0.3, l=0 
0° 

No.2 
Rout=5.5, 

Rin=0.7, t=0.5 

rout=6, rin=5.4, 

w=0.3, l=0 
-45° 

No.3 
Rout=5.7, 

Rin=0.7, t=0.5 

rout=6, rin=5.6, 

w=0.3, l=0 
-90° 

No.4 
Rout=5.1, 

Rin=1.5, t=1 

rout=5.7, rin=4.6, 

w=1, l=1.8 
-135° 

No.5 
Rout=5.3, 

Rin=1.5, t=1.2 

rout=6, rin=4.7, 

w=1, l=1.75 
-180° 

No.6 
Rout=5.4, 

Rin=1.5, t=1 

rout =6, rin=4.8, 

w=1, l=1.75 
-225° 

No.7 
Rout=5.6, 

Rin=1, t=1 

rout=6, rin=4.9, 

w=1, l=1.8 
-270° 

No.8 
Rout=5.7, 

Rin=1.3, t=1.2 

rout=6, rin=4.9, 

w=1.2, l=1.75 
-315° 

 
Substrate: h1 = 1.575 mm, r = 2.33, 

tan = tan= 0.0012, a = 14 mm, h2 = 1.6 mm 

 

 
 

Fig. 2. Simulated transmission coefficients of eight unit-

cells. 
 

Parametric analysis and optimization have been 

performed by using ANSYS HFSS software, version 15. 

Eight unit-cells are simulated under array environment 

by using Floquet ports and Master-Slave boundaries, 

with a normal incident wave (incident angle of 0°). The 

simulated transmission phase and magnitude of eight 

unit-cells are shown in Fig. 2. As can be seen, two 

adjacent phase curves have a distance of 45° at 11.5 GHz. 

The phase variation of the unit-cells in group 1 is more 

linear than that of the unit-cells in group 2. Due to the 

non-linearity of the phase curves, the difference of 45° 

between two adjacent phase curves are not maintained at 

the frequencies far from 11.5 GHz. The eight unit-cells 

cover a large common -3 dB transmission bandwidth, 

from 10.3 GHz to 12.0 GHz, corresponding to 14.8%. 

The transmission magnitude is better than -1.5 dB at  

11.5 GHz. 
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