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1. Introduction 

Composite right-left-hand structure (CRLH) is one 

metamaterial (MTM) category. CRLH emerged as a promising 

area of research in microwave engineering, offering unique 

characteristics to design and manipulate electromagnetic waves 

at Ku band frequencies [1]. These structures are characterized 

by their simultaneous negative permittivity and permeability. 

CRLH exhibits unconventional electromagnetic properties that 

enable novel functionalities that are impossible with 

conventional materials [2]. Their ability to realize 

electromagnetic properties to the desired specifications leads to 

significant enhancements in various applications, including 

filters, antennas, absorbers, and phase shifters [3]. 

Consequently, depth development was recently improved for 

Ku band resonators-based CRLH antennas for satellite 

communications systems. This begins by testing the 

fundamental properties underlying CRLH inclusions and their 

mechanisms of operations in left-handed and right-handed 

behaviors [4]. Synthesizing RH and LH properties at certain 

frequency bands within a single unit cell offers manipulations 

with high flexibility and versatility for electromagnetic wave 

propagation for sensing applications, as reported in [5].  

Ku band resonator design-based CRLH structures are a multi-

layered development that adapts geometrical parameters, 

material characteristics, and structure configurations to 

accomplish the wanted electromagnetic properties [6]. Various 

design strategies based on a ranging transmission line approach 

to advance numerical optimization techniques were performed 

by efficient CRLH resonators with exceptional responses at Ku 

band frequencies [7]. Additionally, integrating materials with 

novel fabrication techniques enabled the realization of compact 

and lightweight CRLH structures to suit practical applications 

[8]. In addition to design specifications, analytical studies are 

very important for enhancing the functionality of Ku band 
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resonators. Numerical simulations, such as finite element 

method (FEM) and finite difference time domain (FDTD) 

simulations, deliver the appropriate insights into CRLH 

behaviors and performance prediction [9]. 

A reconfigurable CRLH resonator based on a leaky-wave 

antenna was proposed for beam steering applications at Ku-

bands to operate between 15 GHz and 16.2 GHz [10]. A 

miniaturized double negative CRLH to be oriented as an 

octagonal shape ring MTM to occupy an area of 9×9 mm2 when 

printed on FR4 substrate to cover the frequency range from low 

bands up to 18 GHz [11]. Another design based on CRLH for 

bandpass filter applications using substrate-integrated 

waveguide technology was proposed in [12] to realize a 

bandwidth from 9.17 GHz to 20.31 GHz at 3 dB fractional 

bandwidth. Two defective ground structures based on CRLH 

inclusions were proposed for the ultra-wideband bandpass filter 

design operating at the Ku band using interdigital capacitors 

[13]. A Ku-band oscillator based on an air coaxial resonator at 

11.6 GHz and output power of about -3.56 dBm [14]. A silicon-

based coplanar waveguide line with four electric-LC resonators 

was introduced to form a wideband filter using CMOS 

technology to operate from 2 GHz to 18 GHz, with a band-stop 

frequency at 13.2 GHz and a rejection level of -40 dB [15]. A 

design of a compact wideband 6th order elliptic Ku-band filter 

was implemented using Lithography-based Ceramic 

Manufacturing was proposed in [16]. A periodically polarized 

piezoelectric substrate was proposed to design a resonator using 

Aluminum Scandium Nitride materials to operate at Ku band 

systems that cover frequencies from 10.7 GHz to 18 GHz [17]. 

In [18], a fourth-order coaxial cavity resonator of a Chebyshev 

response was proposed to realize filter size reduction. Another 

filter design was fabricated using 3D printer technology that 

supports sophisticated, complex designs. A band stop filter was 

proposed from a complimentary ring resonator for Ku band 

applications to show a 3 dB Fractional bandwidth of 12.4% at a 

center frequency of 12.87 GHz [19]. A compact design 

manufactured for Ku bandpass filters with a central frequency 

of 14.25 GHz and bandwidth of 3.5%.  

In light of these developments, a significant shortage was 

observed in investigating the use of CRLH/MTM for 

developing high-performance Ku band resonators. This is due 

to the effective losses of CRLH/MTM structures at high 

frequencies, including the Ku band between 12 GHz and 18 

GHz. However, investigations of CRLH/MTM structures 

became urgent in the current state of the art due to their unique 

properties, which attracted different researchers worldwide.  

Therefore, this work is realized to design CRLH/MTM for Ku 

band resonators. The proposed design is based on a fractal unit 

cell combination of Hilbert pair defective with Minkowski 

curves. The proposed unit cell is designed to match the 

applications at the Ku band by introducing the proposed unit 

cell to a 50 Ω transmission line with two ports. In section 2, the 

proposed resonator is developed and discussed with all 

geometrical details. The design methodology for all parametric 

studies to achieve optimal performance is developed in section 

3. The achieved results are validated to realize the accuracy of 

the obtained results in section 4. The paper is concluded in 

section 5. 

2. Resonator Geometrical Details 

The proposed design is basically realized as a two-port network 

loaded with CRLH inclusions to realize microwave resonators 

at the Ku band. The proposed design is structured from an 

unmatched transmission line with two ports of 50 Ω sources. 

This is considered to ensure enough fringing from the 

transmission line toward the proposed CRLH structure [4]. The 

microstrip line is loaded to a CRLH structure with 5-unit cells. 

The individual unit cell is designed from a composite of a 

Hilbert pair separated by a Minkowski fractal curve based on 

the second order. Next, the design is printed on Rogers RT5880 

with a thickness of 0.8 mm. The relative permittivity of the 

substrate is 2.2 with a loss tangent of 0.0009. The substrate is 

backed with a copper ground plane of 35 mm × 30 mm, as 

shown in Fig. 1. The transmission line width is 4 mm and is 

located 0.1 mm from the CRLH structure. Such a design is 

proposed to afford minimum losses due to radiation or 

conservation effects by optimizing the geometrical details to the 

dimensions in Fig. 1, as will be proven later. The effective 

resonance of the proposed structure with minimum losses is 

achieved at 15.45 GHz, as will be seen later. The Hilbert 

geometry is considered the second order, and the Minkowski is 

the second order fractal geometry. 

Two software packages are invoked for this work to realize the 

optimal design. The first software package, CST MWS, 

optimizes the resonator design parametrically. Based on the 

HFSS formulation, the second software package realizes the 

validation outcomes obtained from CST MWS. 

The main reason for that is to ensure loss reduction. The first 

fractal is based on capacitive effects, and the other is based on 

an inductive resonator. Both are designed to realize the same 

frequency resonance. Therefore, the impact of conservation 

losses can be eliminated significantly with this approach. 

 

Figure 1. Resonator Geometrical details. 
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A complex and irregular iteration process can describe the 

proposed Minkowski fractal geometry dimensions through 

scaling an object size with a factor ε. Therefore, the Minkowski 

dimension (𝐷)) can be approximated based on equation (1). 

 

𝐷 = 𝑙𝑖𝑚
𝜀→0

(
𝑙𝑜𝑔(𝑁(𝜀))

𝑙𝑜𝑔(1 𝜀⁄ )
) (1) 

 

Where 𝑁 is the minimum number of units needed to cover the 

fractal set. However, a parametric simulation often estimates 

the dimension (D) numerically. This involves covering the 

fractal parametric with a progressive variation in the side length 

and number scaling iterations at certain initials. However, 

reducing the limit as 𝜀 approaches zero increases the 

Minkowski dimension complexity, indicating a high filling 

space ratio. 

The Hilbert curve can be defined as a space-filling geometry 

with a square area at a certain vertex that demonstrates self-

similarity and non-integer recursively. The process continues 

until a desired level of detail can be reached. While there is no 

specific mathematical function, the recursive algorithm 

provides a systematic way to generate it. A parametric 

simulation can describe this to realize the desired performance. 

The side length of the individual segments for the Hilbert curve 

can be determined recursively based on the iteration level (𝑖). 
For the Hilbert, the side length decreases by a factor of 2 with 

each iteration, starting with a base side length of 1. Therefore, 

the general equation for the side length 𝐿𝑖 at the 𝑖 − 𝑡ℎ iteration 

can be expressed as in equation (2): 

 

𝐿𝑖 =
1

2𝑖
 (2) 

 

This equation captures the iterative refinement of the Hilbert 

curve, where each new iteration produces segments that are half 

the length of those in the previous iteration. 

 

3. Design Methodology 

In this section, the design methodology of the proposed 

resonator is discussed. As mentioned, the proposed resonator is 

structured in The transmission line structure and the proposed 

MTM load structure. The proposed MTM structure is consistent 

with two main inclusions: the Hilbert curve fractal of the second 

order and the Minkowski curve fractal of the second order. Each 

part of the proposed resonator has a specific influence that must 

be addressed during this section. Therefore, the proposed work 

was broken down by conducting a parametric simulation using 

the CST MWS environment. This parametric simulation is 

realized as follows: 

3.1. Effective Distance influence (0.05 mm - 0.25 mm) 

The effective distance describes the separation gap between the 

proposed transmission line and the MTM load. This distance is 

an effective parameter that realizes an electromagnetic coupling 

phenomenon between the conductive parts that are coupled to 

each other effectively in both capacitive and inductive effects. 

This is tested by varying this distance from 0.05 mm to 0.25 

mm with a step of 0.05 mm using our proposed parametric 

simulation through monitoring the effects of that on the 

resonator S11 variations during the frequency band of interest. 

As seen in Fig. 2, the change in the obtained S11 results is 

recorded to realize the coupling effects between the proposed 

MTM and the transmission line. A significant decay was found 

in the resonance after increasing the distance over 0.1 mm. Such 

decay in the resonance frequency is due to the capacitive 

coupling reduction with increasing the separation distance [20]. 

Therefore, the distance was kept at 0.1 mm, which shows a 

minimum S11 within the frequency band of interest.  

3.2. Horizontal Separation Distance (0.05 mm - 0.45 mm) 

Now, the frequency resonance is monitored by evaluating the 

S11 parameter; this is adopted to realize the effects of the 

horizontal separation distance varying on the frequency 

resonance. Fig. 3 shows an observable change in the frequency 

resonance when introduced to such variation in this parameter. 

Such variation is due to the effects of the exponential phase 

retardation manner through the proposed MTM unit cells. Such 

phenomena were pointed out as the accumulation increase in 

the capacitive value over the entire MTM array between the 

Minkowski and the Hilbert structures. Again, at 0.25 mm, the 

proposed resonator shows the minimum S11 magnitude within 

the frequency band of interest. 

 

Figure 2. The evaluated S11 variation of the proposed 

resonator with changing the effective distance. 

 

3.3. Vertical Separation Distance (0.02 mm - 0.42 mm). 

Next, this part of the work discusses the variation in vertical 

separation distance. A minimum value of the S11 parameter was 

achieved at 0.12 mm. Such achievement is attributed to the 

effects of change in the unit cell periodicity, which directly 

affects the Brillion zone lattice and the frequency band gap. 

These observations are recorded on the evaluated S11 parameter 

in Fig. 4. 
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Figure 3. The evaluated S11 variation of the proposed 

resonator with changing the horizontal separation distance. 

 

3.4. Number of Unit Cells (3,4,5) 

The effects of varying the unit cell number on the proposed 

resonator are discussed at a frequency resonance around 15.45 

GHz. With increasing the unit cell, three observations are 

recorded: The first is defined by shifting the frequency 

resonance to the lower band till it reaches 15.45 GHz at the fifth 

unit cell introduction. The second observation is that upper and 

lower sidebands decay rapidly. The third is that the quality 

factor increases rapidly with unit cell numbers. These 

observations are attributed to increasing the capacitive-

inductive branches in the effective resonance, significantly 

increasing the quality factor. Therefore, it is found from the 

recorded results in Fig. 5 that the proposed resonator 

performances are more desirable for us after reaching 5-unit 

cells. The observed phenomena could be increased by 

increasing the number of unit cells, but what has been achieved 

so far for our applications is satisfactory. 

 

Figure 4. The evaluated S11 variation of the proposed 

resonator with changing the vertical separation distance. 

 

 
Figure 5. The evaluated S11 variation of the proposed 

resonator with changing the unit cell number. 

 

4. Results and Discussions 

After arriving at the optimal design from the previous section 

using CST MWS, the authors decided to validate their 

achievements using another software package based on HFSS. 

The evaluated results in Fig. 6 are shown in comparison to each 

other. The simulation results evaluated by the two considered 

software packages agree well. This agreement is achieved by 

setting the frequency range to Ku band frequencies, typically 

between 12 GHz and 18 GHz. 

The mesh should be defined with enough accuracy according to 

the standard perfect matching layer boundary conditions to 

match minimum reflection at 10-9 factor with a distance from 

the structure edges of λ/3 at the desired frequency band through 

the open add space setup option. Using the mesh control tools 

to refine the mesh in critical areas such as near the feed point or 

any discontinuities, the energy criteria can be considered at -80 

dB to ensure enough time for reaching the execution level. 

Specifying the excitation parameter for each port with direct 

coupling at each transmission line edge with enough embedding 

distance about three times the substrate height to ensure 

shielding effects. The solver settings of the appropriate options 

can be set to the Finite Integration Technique (FIT) and set up 

to the frequency sweep range and step size for the simulation 

within the band of 12 GHz to 18 GHz. 

The second simulation software package uses the finest mesh to 

provide the accuracy sought in the first test to reach 

convergence of the resonator parameters in the frequency 

domain. Energy accuracy was limited to -80 dB, and a step of -

10 dB was applied. It should be noted that only the required 

accuracy of 2% for simulations with HFSS can be achieved 

using an initial mesh of 18,987 tetrahedrals. A fast sweep option 

is applied with a linear frequency step starting from 12 GHz to 

18 GHz with a step size of 0.1 GHz. In Fig. 6, the results 

obtained from both CST MWS and HFSS software packages 

agree well. It was found that the proposed resonator showed 

excellent resonance at 15.45 GHz with high selectivity. 
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Figure 6. The evaluated S11 of the optimal design was 

validated using two different software packages. 

 

Fig. 7 presents the proposed resonator's surface field 

distributions in terms of electrical field, magnetic field, and 

surface current. The proposed resonator shows an excellent 

field intensity on the proposed MTM structure that decays 

smoothly to the last unit cell. 

 

 

Figure 7. The evaluated field distributions. 

 

Finally, the proposed design performance realized by the 

proposed design is compared to identical designs in the 

literature. Table 1 compares the proposed design performance 

in terms of area, bandwidth (BW), frequency (Freq), substrate, 

and loss rate. The comparison achieves an observable 

enhancement over the other related designs. It was found from 

this comparison that a significant loss reduction was achieved 

with the proposed design compared to the published designs.   

 

Table 1. Comparison between the proposed resonator 

performance and the published results. 

Ref. Area 

(mm2) 

BW Freq. 

(GHz) 

Substrate Loss 

[21] 10× 

10 

K 21.6 FR-4 30% 

[22] 10.4× 

10.4 

S, 

X, 

Ku 

3.2, 

5.32, 

11.15, 

16.73 

FR-4 58% 

[23] 8×8 X, 

Ku 

8.5, 

13.5, 17 

Polyimide 53% 

[24] 8.5× 

8.5 

Ku, 

K 

15.52, 

27.24 

Polyimide 66% 

[25] 8.5× 

8.5 

Ku 12.45, 

14.18 

FR-4 65% 

The 

proposed 

work 

30× 

35 

Ku 15.45 Roger 1% 

 

5. Conclusions 

In this work, a deep numerical simulation was applied based on 

parametric analysis and validation. The proposed work contains 

an informative analysis to realize the effects between the 

resonator parts. In this paper, the separation distances between 

the resonator parts were adjusted to determine the main effects 

of the proposed CRLH part on the proposed performance. By 

changing the unit cell number, a significant change in the 

proposed resonator performance is achieved in terms of 

frequency resonance and quality factor. The results show that 

the proposed resonator has no significant losses with acceptable 

S-parameters. The proposed resonator occupies an area of 35 × 

30 mm2 to achieve 15.45 GHz. The proposed resonator 

reflection coefficient is 30%, with a 70% transmission 

coefficient. Two numerical software packages, including CST 

MWS and HFSS, are invoked for this. The obtained results from 

the considered software packages agreed well. Finally, as a 

future work, this work will be exposed for experimental 

measurements for comparison. 
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