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Abstract ─ Insertion loss variation with respect to 

rotation angle is examined for geometrically symmetrical 

and unsymmetrical split ring resonators (SRR) and 

complementary split ring resonators (CSRR) transmitarray 

unit cells implementing the element rotation method. 

Generalized design conditions for the implementation  

of the method on transmitarrays are derived. Based on 

the S-parameters obtained by full-wave electromagnetic 

simulations and field analysis, it is shown that the 

symmetry of CSRR unit cells has an important effect  

on decreasing insertion loss variation with respect to 

rotation angle. Up to 3 dB improvement in insertion loss 

is achieved for the symmetrical single ring double split 

CSRR type unit cell. It is also shown for two nested non 

symmetric SRR unit cells that, insertion loss is almost 

independent of the element rotation when the transmission 

is mainly provided by the symmetrical part of the unit 

cell. 

 

Index Terms ─ CSRR, element rotation method, SRR, 

transmitarray. 

 

I. INTRODUCTION 
The element rotation method is used to control  

the phase of the waves scattered from the structures 

excited by circularly polarized electromagnetic waves  

in reflectarrays and transmitarrays. The conditions for 

element rotation required to achieve phase shifting are 

derived for reflectarrays [1], [2] and transmitarrays [3]. 

The element rotation method is employed in several 

antennas [1]-[13]. The conditions for transmitarrays  

[3] cover symmetrical structures with respect to all 

orthogonal planes. In this letter, the generalized 

conditions are derived without being restricted by 

symmetry.  

Since the design of a transmitarray is implemented 

through the analysis of a unit cell, it is crucial to analyze 

the parameters that may affect the overall characteristics 

of the transmitarray at the unit cell level. Insertion loss  

is a parameter that has an influence on the gain and 

efficiency of a transmitarray. Therefore, besides analyzing 

the insertion loss of a unit cell and its variation with 

respect to rotation angle, it is also important to determine 

the factors affecting insertion loss and to propose a 

solution to alleviate the variations of insertion loss. 

To the author’s knowledge, although variations of 

reflection and transmission magnitude with respect to 

rotation angle are presented in the literature, the reasons 

of these variations are not clarified [3]. Therefore, to 

understand the physics behind these amplitude variations 

with rotating angle, this work focuses on the sources  

of insertion loss variations with respect to rotation angle 

in a group of SRR and CSRR type transmitarray unit 

cells employing the element rotation method. The 

investigation by full wave EM simulations is found to  

be sufficient, as the simulations provide a controlled 

environment and eliminate some other effects that might 

arise in manufacturing and measurement. It is shown by 

simulations that, for the presented structures, insertion 

loss variation depends on the axial symmetry of the 

element and symmetry has an effect on decreasing the 

value of the variation. 
 

II. GENERALIZED DESIGN CONDITIONS 

AND MAGNITUDE VARIATION IN THE 

ELEMENT ROTATION METHOD 
In this section, the conditions that should be satisfied 

by the unit cells to implement the element rotation 

method are derived in the most general sense. The 

transmission magnitude on the derived circularly-

polarized S-parameters is investigated. 

The most practical method of obtaining the phase 

design curve of a unit cell is the infinite array approach. 

In this approach, the array is formed by replicating 

identical unit cells. The approach provides an opportunity 

for designing array structures by analyzing only a single 
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element, i.e., unit cell with periodic boundary conditions, 

including the effect of mutual coupling between the 

elements. Infinite array approach is implemented using 

Finite Element Method (FEM) solver of Ansys HFSS®. 

In HFSS®, in order to satisfy this periodicity, periodic 

boundary conditions are implemented by master and 

slave boundaries on the unit cell walls. The E-field in any 

point of the slave boundary matches the correspondent 

point of the master boundary with a phase difference 

[14]. The periodic arrangement of the array allows the 

approximation of the infinite array fields with Floquet 

modal expansion. Floquet ports are defined on the 

apertures of the unit cell as an interface to unbounded 

medium and the fields on the ports are represented by a 

set of Floquet modes. A Floquet mode is a plane wave 

function and these modes define the discrete directions 

where an infinite array radiates plane waves. The number 

of the propagating modes is related to the dimensions of 

the unit cell and the incidence angle. The dominant mode 

corresponds to the main beam of the antenna whereas 

higher order modes correspond to the grating lobes and 

when the unit size is less than half a wavelength, only the 

dominant mode propagates [3]. The propagating modes 

can be decomposed into orthogonal modal functions, TE 

and TM, for simplicity. This normalization is useful in 

layered structures as these orthogonal modal functions 

propagate without producing the other transverse mode 

for homogeneous and isotropic media. That is, TE (TM) 

mode will not produce a TM (TE) mode [15]. Therefore, 

for a unit cell smaller than half a wavelength the 

propagating dominant mode is decomposed into one TE 

and one TM propagating modes and individual analysis 

of these modes are performed by using HFSS®. In the 

infinite array approach since the analysis is carried out 

by using a single unit cell, the computation time and the 

utilization of the computational resources are reduced. 

However, in this approach, infinite extension of the unit 

cell causes ignoring of the edge effects and the mutual 

coupling only includes the coupling between identical 

elements. These conditions may affect the phase 

response of the structure. Different approaches taking 

into account the coupling of non-identical cells are 

implemented to make a comparison with the infinite 

array approach in [16]. The infinite array approach is 

widely used in large array structures and it provides 

results in very good agreement with measurements by 

offering a very fast computation.  

In the simulations of this study, only the dominant 

Floquet mode incidence is considered and it is 

decomposed as x- and y-polarized wave modes for a 

plane wave propagating along the z-axis [3].  

The relation between the incident, a, and scattered, 

b, wave modes can be written in terms of S-parameters 

as, 
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where the subscripts and superscripts of a and b represent 

the number of the Floquet port and the direction of 

polarization, respectively. Following the same procedure 

in [3], circularly polarized S-parameters are obtained in 

terms of linearly polarized ones and are given as, 
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where the superscripts l and r denote the sense of the 

polarization, i.e., left hand and right hand, respectively 

whereas ψ denotes the rotation angle. For the equations 

above, each line includes two separate equations where 

the first one is given by the upper superscripts. 

In a transmitarray design, minimization of reflection 

is an important design consideration to increase the 

antenna efficiency. For an efficient transmitarray unit 

cell design, all the reflections should be minimized as,  

𝑠11
𝑥𝑥 = 𝑠11

𝑦𝑦
= 𝑠22

𝑥𝑥 = 𝑠22
𝑦𝑦
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𝑦𝑥

= 𝑠22
𝑥𝑦

= 𝑠22
𝑦𝑥

= 0. (18) 

It is seen from the equations that for each sense of 

polarization, two transmission parameters exist i.e., 

when we illuminate the structure by a left-hand circularly 

polarized wave from port 1, left and right-hand circularly 

polarized transmissions, 𝑠21
𝑙𝑙  and 𝑠21

𝑟𝑙 , take place. The 

transmission with the same sense of polarization is not 

affected from rotation and forms cross-pol radiation. To 

eliminate the scattered transmission fields independent 

of rotation, following conditions should be satisfied in 

the design, 

 𝑠𝑚𝑛
𝑥𝑥 = −𝑠𝑚𝑛

𝑦𝑦
 , (19) 

 𝑠𝑚𝑛
𝑥𝑦

= 𝑠𝑚𝑛
𝑦𝑥  for 𝑚,𝑛 = 1,2 𝑎𝑛𝑑 𝑚 ≠ 𝑛. (20) 

Satisfying these, four parameters are left; (8), (9), 

(12), and (13). Two of these parameters, (9) and (13) are 

advancing the transmitted phase twice the rotation angle, 

whereas (8) and (12) are delaying it. Also, the sense of  
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polarization changes for the transmitted wave.  

(18)–(20) together with the maximization of 

transmission are the general conditions for applying the 

element rotation method in the transmitarrays. Although 

the implementation of (20) requires no phase difference 

between 𝑠𝑚𝑛
𝑥𝑦

 and 𝑠𝑚𝑛
𝑦𝑥

, minimizing these components 

also reduces the cross-pol radiation even if there is a 

phase difference between them.  

Further simplification is also possible for symmetrical 

structures with respect to the xy-plane. If we define, 𝑠21
𝑥𝑥 

and 𝑠12
𝑥𝑥 as 𝑇𝑥; 𝑠21

𝑦𝑦
 and 𝑠12

𝑦𝑦
 as 𝑇𝑦; 𝑠21

𝑥𝑦
 and 𝑠12

𝑥𝑦
 as 𝑇𝑥𝑦; 

𝑠21
𝑦𝑥

 and 𝑠12
𝑦𝑥

 as 𝑇𝑦𝑥 for a symmetrical structure with 

respect to xy-plane; minimizing reflection, maximizing 

𝑇𝑥 and 𝑇𝑦 and having 180° of phase difference between 

them when they have equal magnitude as implied by (19) 

and having 0° of phase difference between 𝑇𝑥𝑦 and 𝑇𝑦𝑥 

when they have equal magnitude as implied by (20) or 

minimizing them are the sufficient conditions to design 

a transmitarray employing element rotation method. 

The circularly polarized transmission parameters 

after satisfying conditions, (8), (9), (12), and (13) 

demonstrate that the phase of the transmitted wave 

changes twice the rotation angle without changing the 

magnitude. However, full-wave EM simulations indicate 

that the magnitude changes with the change in the 

rotation angle. This is mainly because the amount of the 

existing electromagnetic coupling between the elements 

changes with the rotation angle [2]. Since this coupling 

affects overall array characteristics [4], it is important to 

determine the parameters reducing the adverse effects  

of it on insertion loss. It should also be noted here that 

the element rotation method assumes the rotation of  

the entire structure with its environment including the 

lattice, around its surface normal [3]. However, in an 

array, the edges of the unit cell generate a boundary that 

does not rotate with the rotation of the array element. 

Therefore, even if all the components of the radiators 

inside the unit cell rotate, the array and the unit cell 

boundaries are stationary which has an effect on the 

magnitude of transmitted and reflected fields.  

 
A. CSRR designs 

Figures 1 (a)-(d) show the schematics and the 

transmission magnitudes of the examined CSRR unit cells 

which are, nested CSRR (N-CSRR), single ring double 

split CSRR (DS-CSRR), and single ring single split CSRR 

(SS-CSRR). All the structures satisfy the conditions for 

shifting the phase linearly with respect to rotation angle  

at the operating frequency. The size of the unit cells is 

10.16 mm × 10.16 mm, the substrate is glass, (εr=4.6,  

tan δ=0.005), having a thickness of 6 mm and the operating 

frequency is 9.9 GHz in all structures. The dimensions of 

the structures are given in Table 1. From transmission 

magnitudes of the unit cells, it is realized that transmission  

behaviors of the structures are similar and the magnitude 

varies with the change in rotation angle. Insertion loss is 

less for the symmetrical structure, DS-CSRR. 

To extract the relationship between symmetrical 

geometry and insertion loss level, insertion loss levels of 

DS-CSRR and SS-CSRR structures are examined. Ideal 

cases are constructed by evaluating linearly polarized S-

parameters at 𝜓 = 0°  from simulations and then taking 

the rotation angle (𝜓 ) into account using equation (12). 

In Fig. 1 (e), insertion loss values as a function of rotation 

angle directly obtained from full wave simulations are 

compared with the values of ideal cases. It is observed that 

insertion loss calculated through full wave simulations of 

DS-CSRR is more similar to insertion loss obtained by 

applying (12) on DS-CSRR. The reason why the variation 

of insertion loss of the symmetrical structure (DS-CSRR) 

is smaller compared to that of the unsymmetrical structure 

(SS-CSRR) is not evident from analytical expressions, 

since the values of the linearly polarized S-parameters  

do not change when the structure is rotated. This is 

investigated in the following sections by analyzing fields 

and currents. 
 

  
(a) (b) 

     
    

(c) (d) 

 
(e) 

 

Fig. 1. CSRR unit cells: (a) N-CSRR, (b) DS-CSRR,  

(c) SS-CSRR, (d) circularly polarized transmission 

coefficients of the CSRR unit cells with respect to the 

rotation angle, and (e) circularly polarized transmission 

coefficients of DS-CSRR and SS-CSRR unit cells with 

respect to rotation angle and compared to their ideal 

cases. 
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(a)  (b) 

  
(c)  (d)  

 

Fig. 2. Magnetic surface current density distributions for 

the DS-CSRR: (a) for x-polarized wave modes at 0°, (b) 

for y-polarized wave modes at 0°, (c) for x-polarized wave 

modes at 45°, and (d) for y-polarized wave modes at 45°. 
 

Table 1: Dimensions of the CSRR unit cells 

 SS-CSRR DS-CSRR N-CSRR 

Split length 

(mm) 
1 0.26 3.3 (both splits) 

Ring slot 

width (mm) 
4 – 3.38 4.3 – 3.3 

4.2 – 3.75 

(outer ring) 

3 – 2.55 

(inner ring) 
 

B. Field analysis of CSRR designs 
A field analysis is carried out on the designs to show 

the relation between the symmetry and the variation  

of insertion loss. Magnetic surface current density 

distributions (tangential electric field on the slot), Ms, on 

the ring slots of the DS-CSRR obtained for x- and y-

polarized incident waves at 9.9 GHz are plotted in Fig. 2. 

It is observed that the symmetrical distribution of Ms is 

not affected by rotation for both polarizations. Figure 3 

depicts Ms for the SS-CSRR. At 𝜓 = 45°, the distribution 

is significantly denser at one arm of the ring which 

increases the cross-polarized radiation. Comparing Fig. 

2 and Fig. 3, it is seen that the symmetry of Ms is more 

distorted by rotation for the SS-CSRR compared to the 

DS-CSRR. This increases the cross-polarized terms in 

the S-parameters and cross-polarized radiation, which in 

turn affect the transmission characteristics of the element. 
 

C. SRR designs 
Figures 4 (a) and (b) show the SRR schematics. There 

is a single split on each design which disturbs the 

symmetrical geometry. The split takes place on the inner 

ring for one design whereas it takes place on the outer ring 

for the other design. These are called inner split SRR (IS-

SRR) and outer split SRR (OS-SRR), respectively. As in 

the CSRR designs, the conditions for linear phase shifting 

are satisfied at 9.9 GHz for the substrate thickness of  

6 mm. Other parameters of the structures are given in  

Table 2. It is observed from Fig. 4 (c) that, although both 

structures are unsymmetrical for the same plane, IS-SRR 

has much less insertion loss variation with the rotation 

angle. 

 

  

 

(a)   (b) 

  
(c)   (d)  

 
Fig. 3. Magnetic surface current density distributions for 

the SS-CSRR: (a) for x-polarized wave modes at 0°, (b) 

for y-polarized wave modes at 0°, (c) for x-polarized wave 

modes at 45°, and (d) for y-polarized wave modes at 45°. 

 
Table 2: Dimensions of the SRR unit cells 

 IS-SRR OS-SRR 

Split length 

(mm) 
1.2 1.2 

Ring width 

(mm) 

4.29 – 3.49 

(outer ring) 

3.17 – 2.37 

(inner ring) 

3.95 – 3.45 

(outer ring) 

1.7 – 1.2 

(inner ring) 

 

 

 

(a) 

   
(b)   (c) 

 
Fig. 4. (a) The inner split SRR (IS-SRR), (b) the outer split 

SRR (OS-SRR), and (c) circularly polarized transmission 

coefficient of the SRR unit cells. 
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(a) (b) 

  

(c)  (d)  

 

Fig. 5. Electric surface current density distributions for 

the OS-SRR: (a) for x-polarized wave modes at 0°, (b) for 

y-polarized wave modes at 0°, (c) for x-polarized wave 

modes at 45°, and (d) for y-polarized wave modes at 45°. 

 

The Js diagrams for OS-SRR, in Fig. 5, show that for 

both polarizations the resonance is mainly determined 

from the outer ring due to a strong current flow on that 

ring. Therefore, the disturbance on the current distribution 

on the outer ring affects the radiation and the transmission 

magnitude. When the OS-SRR is rotated to 𝜓 = 45°, it is 

seen in Figs. 5 (c) and (d) that the cross-polarized radiation 

increases which in turn increases the insertion loss. When 

the Js diagrams for IS-SRR in Figs. 6 (a) and (b) are 

examined, it is observed that for x-polarized excitation, 

the outer ring and the inner ring generate the resonance 

together whereas for y-polarized excitation, the resonance 

is mainly determined from the outer ring due to a stronger 

current flow on that ring. As the rings get closer to each 

other, the coupling between them is stronger. When the 

rings are rotated, the symmetrical distribution on the inner 

ring is distorted which in turn affects the distribution on 

the outer ring due to coupling. This situation is less 

pronounced for y- polarized excitation as the outer ring is 

dominant on the determination of the resonance for that 

polarization. Therefore, the current distributions over the 

rings are more uniform for y-polarization which result in 

less insertion loss variation. Smaller variation of insertion 

loss for IS-SRR is mainly due to two reasons: (i) the outer 

ring where the current distribution is denser for one of the 

polarizations does not have a split, i.e., the outer ring is 

symmetrical to the orthogonal planes, and (ii) the split is 

closer to the center of the unit cell which results in lower 

coupling levels among adjacent cells when the unit cell is 

rotated. 

 

  

 

 

(a)  (b) 

  
(c)  (d)  

 

Fig. 6. Electric surface current density distributions for 

the IS-SRR: (a) for x-polarized wave modes at 0°, (b) for 

y-polarized wave modes at 0°, (c) for x-polarized wave 

modes at 45°, and (d) for y-polarized wave modes at 45°. 

 

III. CONCLUSION 
The effect of symmetrical geometry on insertion 

loss of CSRR and SRR-based transmitarray unit cells  

is demonstrated. The symmetrical geometry decreases 

cross-polarized scattering, which in turn decreases 

insertion loss variation with respect to rotation. It is also 

shown for unsymmetrical SRR structures that if the 

resonance is mainly provided by the symmetrical part  

of a unit cell, element rotation does not adversely affect 

the insertion loss. This work proposes a methodology  

to increase the transmission magnitude for SRR and 

CSRR-based transmitarray unit cells and is useful in 

understanding of the sources of the degradation of the 

radiation characteristics of transmitarrays.  
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