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5.3.1   Design of the Low-Pass Filter 

In order to apply the desired voltage to the electrode, it is necessary to connect it to an 

external voltage source. The interface of the electrode with the exterior is a metal base 10 

millimetres long to facilitate external connection. This metallic base is connected to the electrode 

located under the liquid crystal by means of a metallic strip. To prevent this strip from behaving 

like a microstrip that excites unwanted modes under the metal base, a low pass filter is included. 

The purpose of the filter is the decoupling of DC and RF. This low pass filter is implemented by 

stepped impedance microstrip taking into account the thickness of the quartz wafer and SU-8. 

The dimensions of the filter and stack up are illustrated in the Figure 5-11. The S parameters of 

the filter are shown in Figure 5-12. An isolation around -25 dB is obtained in the band of interest. 

 
        (a)                      (b) 

Figure 5-11: Dimensions (a) and stack-up (b) of the low pass filter. 
 

 
 

Figure 5-12: S-parameters of the low pass filter. 
 

5.3.2   Design of the Pin Lattice for Gap Waveguide 

As part of the phase shifter design, it is important to adjust the parameters of the pin lattice 

located under the liquid crystal cell. Figure 5-13 shows the dimensions of the periodic metal pin 

and periodicity, along with the thicknesses of the SU-8 (Figure 5-13(a-b)) or liquid crystal (Figure 

5-13(c)) layers and the quartz wafer. The difference between the unit cells shown in Figure 

5-13(a-b) and Figure 5-13(c) is that the latter are part of the phase shifter structure in the central 
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zone with the liquid crystal pool and electrode, and the former are part of the external zones with 

SU-8 and without electrode. The final parameters for the pin are a diameter d = 0.4 mm, a height 

h=0.6 mm, a periodicity p=1 mm and a gap between the pin and the quartz wafer g=0.05 mm. 

 
(a)                (b)     (c) 

Figure 5-13: Unit cells of the periodic metal pins under the liquid crystal cell. General view of the unit cell 

without electrode (a), cross section of the unit cell without electrode (b) and unite cell with electrode (c). 

 

Due to the 0.3 mm thickness of the quartz wafer, it is difficult to obtain a very wide 

bandgap. The dispersion diagram obtained with the unit cell parameters indicated in Figure 5-13 

is shown in Figure 5-14. The bandgap obtained covers the range from 75 to 100 GHz, in which 

only modes within the liquid crystal propagate. With this, it is possible to confine most of the 

fields within the variable epsilon material in order to maximize the phase-shifting and to avoid 

unwanted effects generated by the propagation of additional modes in the quartz wafer. 

 

 

Figure 5-14: Dispersion diagrams of the pin unit cells. Solid curves are for the unit cell with electrode and 

liquid crystal (θm=45º) and dashed curves are for the unit cell without electrode and with SU-8. β is the 

propagation constant and p is the periodicity (p=1 mm). 
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5.3.3   Design and Selection of the Electrode Shape 

The next step in the phase shifter design is to ensure that the transmission line generated 

by the electrode only propagates one mode in the liquid crystal within the working band. The final 

solution is shown in Figure 5-15. The electrode has periodic corrugations and a longitudinal cut 

in its centre to eliminate the currents of undesired modes and keep a mode of interest that in this 

case is the TE10 mode. 

 

Figure 5-15: Unit cell of the periodic transmission line that contains the liquid crystal. 

 

The selection of the final electrode structure is detailed below. Two final candidates are 

proposed, one generates a single TE10 mode in the band of interest and the other a TEM mode. 

After analysing the properties of both candidates, the electrode with TE10 mode already shown in 

the Figure 5-15 has been finally chosen. In the following cases, only E-field representations of 

the final candidates are shown. 

First, we show the effect of the longitudinal cut illustrated in the Figure 5-16 for the final 

electrode with TE10 mode. A study of the dispersion diagram of the unit cells has been carried 

out. This study has been carried out considering the saturation case in the mean tilt angle of liquid 

crystal molecules. A mean tilt angle θm =75º is used for this purpose. The effective dielectric 

constant of the liquid crystal in this situation reaches its maximum values in saturation, so it 

represents the worst case when identifying modes that are within the working band. The results 

are depicted in Figure 5-17 (a) for the electrode with longitudinal cut in Figure 5-16(a) and in 

Figure 5-17(b) for the electrode without cut in Figure 5-16(b). It can be seen that when the 

longitudinal cut is inserted, the TE20 mode in Figure 5-17 (b) disappears. However, two additional 

TE modes called TEslot and TE'slot appear, which mainly propagate along the longitudinal cut. The 

propagation of these modes is prevented in the final design by introducing several non-periodic 

joints in the longitudinal cut, so they can be ignored. This also ensures that there is electrical 

continuity throughout the electrode for DC polarization. Therefore, by adding the longitudinal cut 

it is possible to generate a band from 75 to 100 GHz in which only a TE10 mode propagates. 

 

  
(a)      (b) 

Figure 5-16: Corrugated electrode (a) with longitudinal cut and (b) without it. 
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      (a)            (b) 

Figure 5-17: Dispersion diagram of the corrugated electrode (a) with longitudinal cut and (b) without it. 

 

For clarity, both absolute and vector representations of the electric field are shown in Figure 

5-18 and Figure 5-19. Figure 5-18 represents the TEslot (Figure 5-18 (a-b)), TE10 (Figure 5-18 (c-

d)) and TE'slot (Figure 5-18 (e-f)) modes of the diagram in Figure 5-17(a). The Figure 5-19 

illustrates the TE10 (Figure 5-19(a-b)) and TE20 (Figure 5-19(c-d)) modes of the diagram in Figure 

5-17(b). It can be seen in Figure 5-18(c) and Figure 5-19(a) that the corrugations transform the 

open-circuit at the outer part to a short-circuit at the inner part of the corrugation. 

 

  
        (a)             (b) 

 

  
        (c)             (d) 

 

  
        (e)             (f) 

 

Figure 5-18: Top view of the maximum absolute value and front vector view of the electric field for the 

corrugated electrode with longitudinal cut. TEslot mode (a,b), TE10 mode (c,d) and TE'slot mode (e,f). 

 

  
        (a)             (b) 
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        (c)             (d) 

 

Figure 5-19: Top view of the maximum absolute value and front vector view of the electric field for the 

corrugated electrode without longitudinal cut. TE20 mode (a,b) and TE10 mode (c,d). 

 

Figure 5-20 illustrates the electrode without corrugations. The width of these electrodes 

extends to the outer edge of the corrugations in the electrode of Figure 5-16. This means a width 

of 2.4 mm. Electrodes with and without longitudinal cut are also compared. The dispersion 

diagrams of both structures are depicted in Figure 5-21. In this case, due to the width of the 

electrode and the dielectric constant of the liquid crystal, a multitude of modes propagate.  

Furthermore, as there are no corrugations, the open circuit remains at the outer edges of the 

electrodes in the form of a magnetic wall. These boundary conditions allow the propagation of a 

TEM mode, but also of TE10, TE20 and TE30 modes for the electrode without longitudinal cut (see 

Figure 5-21(b)). In particular, these last three modes propagate with a maximum at the outer edge 

of the electrode due to the presence of the magnetic wall.  None of them has the right shape to 

allow a good matching with the gap-waveguide feeding structure, since it propagates a TE10 mode 

with a maximum of electric field in the centre and a minimum at the edge. When the longitudinal 

cut is added, the odd TE modes cannot propagate, but the TE20 mode remains. Apart from this, 

two additional TE and TEM modes propagate mainly by the longitudinal cut. 

 

  
(a)      (b) 

 

Figure 5-20: Non-corrugated electrode (a) with longitudinal cut and (b) without it. 2.4 mm width. 

 

 
      (a)            (b) 

Figure 5-21: Dispersion diagram of the non-corrugated electrode (a) with and without longitudinal cut (b). 

2.4 mm width. 

 

Since the width of the electrode has a fundamental role in the number of modes that can 

propagate, the electrodes represented in Figure 5-22 have a width of 1.4 mm, corresponding to 

the inner edge of the corrugations on the electrode in Figure 5-16. With this modification, Figure 
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5-23 shows that all modes are shifted upwards in frequency except for the TEM modes. At this 

point, the goal is to get only a propagating TEM mode in the desired band. For the electrode 

without longitudinal cut, it is necessary to reduce considerably the width so that the TE10 mode is 

out of the band (Figure 5-23(b)). However, for the electrode with cut, ignoring the TEMslot and 

TEslot modes that propagate through the longitudinal cut, it is necessary to reduce the width much 

more in order to get the TE20 mode out of the band (Figure 5-23(a)). In the diagram in the Figure 

5-24, we overlap the results obtained with different we widths for the electrode with longitudinal 

cut. For an electrode width we=1 mm, the TE20 mode is sufficiently far away from the working 

band. 
 

  
(a)      (b) 

Figure 5-22: Non-corrugated electrode (a) with longitudinal cut and (b) without it. 1.4 mm width. 

 

 
      (a)            (b) 

 

Figure 5-23: Dispersion diagram of the non-corrugated electrode (a) with and without longitudinal cut (b). 

1.4 mm width. 

 

 
Figure 5-24: Dispersion diagram of the non-corrugated electrode with longitudinal cut for width values we 

of 1 mm, 1.2 mm and 1.4 mm. 

 

The second alternative for the final electrode structure is presented in Figure 5-25. This is 

an electrode without corrugations and with a width of 1 mm. Again, Figure 5-26 shows the 

dispersion diagrams for this electrode with and without longitudinal cut. For the electrode without 



Advances in Periodic Structures and Manufacturing Technologies for mm-Wave Antennas  

 

 
  155  

 

 

cut (Figure 5-26(b)) a TEM mode and a TE10 mode appear. To get this TE10 mode out of the 

working band it is necessary to reduce the electrode width below 0.3 mm. This would mean a 

greater complexity of matching, a reduction of the phase shift capacity due to the increase of the 

E-field outside the edges of the electrode and an increase of the losses in the conductor. For the 

electrode with longitudinal cut, the dispersion diagram in Figure 5-26(a) shows the TEM mode 

and two additional modes in the working band TEslot and TEMslot which mainly propagate through 

the longitudinal cut. As for the corrugated electrode, to eliminate these unwanted modes in the 

final design, non-periodic joints are made along the cut.  
 

  
(a)      (b) 

 

Figure 5-25: Non-corrugated electrode (a) with longitudinal cut and (b) without it. 1 mm width. 

 

 
      (a)            (b) 

 

Figure 5-26: Dispersion diagram of the non-corrugated electrode (a) with and without longitudinal cut (b). 

1 mm width. 

 

For comparison with the propagating modes in of the corrugated electrode in Figure 5-18 

and Figure 5-19, the representations of the electric field for the non-corrugated electrode are 

shown in Figure 5-27 and Figure 5-28. Figure 5-27 illustrates the TEslot (Figure 5-27 (a-b)), TEM 

(Figure 5-27 (c-d)) and TEMslot (Figure 5-27 (e-f)) modes of the diagram in Figure 5-26(a). Figure 

5-28 illustrates the TE10 (Figure 5-28 (a-b)) and TEM (Figure 5-28 (c-d)) modes of the diagram 

in Figure 5-26(b). 
 

  
        (a)             (b) 

 

  
        (c)             (d) 
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        (e)             (f) 

 

Figure 5-27: Top view of the maximum absolute value and front vector view of the electric field for the 

non-corrugated electrode with longitudinal cut and We=1 mm. TEslot mode (a,b), TEM mode (c,d) and 

TEMslot mode (e,f). 

 

  
        (a)             (b) 

 

  
        (c)             (d) 

 

Figure 5-28: Top view of the maximum absolute value and front vector view of the electric field for the 

non-corrugated electrode without longitudinal cut and We=1 mm. TE10 mode (a,b) and TEM mode (c,d). 

 

Finally, the dispersion diagrams of the two selected candidates for values of the mean tilt 

angle θm of 4º, 45º and 75º are shown in the Figure 5-29. The results for the corrugated electrode 

in Figure 5-16(a), are depicted in the Figure 5-29(a). The diagram for the non-corrugated electrode 

shown in Figure 5-25(a), is presented in Figure 5-29(b). With the modification of θm, it can be 

observed the variation of the curve corresponding to the TE10 mode or the TEM mode, 

respectively. 

 

 
      (a)            (b) 

 

Figure 5-29: Dispersion diagrams of the two final candidates for several values of θm. (a) corrugated 

electrode and (b) non-corrugated electrode with We=1 mm, both with longitudinal cut. Other modes withing 

the working band that propagate along the longitudinal cut are ignored. 
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Once the two candidates are obtained, a comparison of phase variation and losses is made 

for an electrode with a length of 16 unit cells. This gives a total electrode length of 16 mm, the 

same as the longest phase shifter simulated and manufactured in section 5.4. In addition, a 

comparison of the results obtained with the time solver and the frequency solver is also carried 

out. The simulated electrodes are illustrated in Figure 5-30. 
 

  
                  (a)          (b) 

Figure 5-30: Electrodes with a total length of 16 unit cells. (a) corrugated electrode and (b) non-corrugated 

electrode with We=1 mm, both with non-periodic longitudinal cuts. 
 

The first step is to check the differences between different solvers. It should be noted that 

the time solver does not allow full-tensor materials, but only the components of the main diagonal 

of the tensor. This can be a problem, since for large and complex broadband structures such as 

the final design of the phase shifter, the use of the time solver is recommended. The frequency 

solver is less precise and consumes a large amount of memory and time when simulating this type 

of structure but allows the use of full-tensor materials. Therefore, it is interesting to check if the 

tensor components outside the main diagonal produce a significant effect. For this purpose, the 

corrugated electrode has been simulated considering only the main diagonal in both time and 

frequency domains and considering the full tensor in the frequency domain. The results obtained 

are shown in Figure 5-31. There is a small difference between the results obtained with the time 

solver and the frequency solver both in losses (Figure 5-31(a)) and in phase shift (Figure 5-31(b)). 

However, it is important to note that there are no appreciable differences between the results 

obtained with frequency solver considering only the diagonal or the complete tensor. Therefore, 

the effect of components outside the main diagonal of the relative electrical permittivity tensor 

can be considered negligible. This was expected, since in both TE and TEM modes, the electric 

field only has a component in the z-direction. Therefore, the major effect is given by the εzz value 

of the main diagonal of the tensor. 
 

  
      (a)            (b) 

Figure 5-31: Comparison of simulations of the corrugated electrode using time and frequency solvers. The 

diagonal of the relative permittivity tensor is used in time and frequency, while the full-tensor material is 

used only in frequency domain. (a) losses and (b) phase shifting with the variation of θm. 
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In Figure 5-32, a comparison in time domain is made between the results for the corrugated 

electrode (TE10 mode) and the noncorrugated electrode (TEM mode). In Figure 5-32(a) the losses 

for the TE10 mode are higher than for the TEM mode. However, in Figure 5-32(b), the same 

happens with the phase shift, so it is necessary to check which alternative has lower losses for the 

same amount of phase-shifting. Additionally, Figure 5-33 shows the variation of losses using the 

time and frequency solver considering only the diagonal of the permittivity tensor. For the 

corrugated electrode with TE mode (Figure 5-33(a)), there is a variation of between 2 and 2.5 dB, 

while for the non-corrugated electrode with TEM mode (Figure 5-33(b)) there is a variation of up 

to 1.2 dB. 
 

 
      (a)            (b) 

Figure 5-32: Comparison of simulations of the corrugated (TE) and non-corrugated (TEM) electrodes using 

time solver. (a) losses and (b) phase shifting with the variation of θm. 
 

   
      (a)            (b) 

Figure 5-33: Variation of losses in (a) the corrugated (TE) and (b) the non-corrugated (TEM) electrodes 

with the variation of θm. The reference for both cases is θm=4º. 
 

To determine the most efficient option, Figure 5-34 depicts the ratio between TE and TEM 

modes for the losses and the phase shift in each θm value. The same representation is conducted 

using time domain (Figure 5-34 (a)) and frequency domain (Figure 5-34 (b)). The results make it 

clear that the phase-shifting ratio is higher for the TE mode than the loss ratio. For clarity, Figure 

5-35 shows the relationship between the phase shift ratio and the loss ratio in saturation (θm =75º). 

An improvement of a factor between 1.2 and 1.4 of the phase shift ratio compared with the loss 

ratio is achieved for the TE mode with respect to the TEM mode. Then, the selected electrode for 

the final design is the corrugated electrode with TE mode. 



Advances in Periodic Structures and Manufacturing Technologies for mm-Wave Antennas  

 

 
  159  

 

 

  
      (a)            (b) 

Figure 5-34: Ratio between the losses and phase difference of the TE and TEM modes with the variation 

of θm. Simulation using time domain solver (a) and frequency domain solver (b). 
 

 
Figure 5-35: Relation between losses and phase difference ratios of the TE and TEM modes (θm=75º). 
 

Finally, we conducted a study of the percentage variation of losses (Figure 5-36(a)) and the 

phase shift (Figure 5-36(b)) in frequency for θm=75º. Both losses and phase shift have a linear 

trend for the TEM mode. For TE mode the trend is quadratic, but the phase variation is less than 

for TEM mode. The phase difference varies in a range between -2% and 5% for TE mode while 

for TEM mode they vary in a range between -8% and 8%. Regarding losses, for TE mode they 

vary between -7.5% and 15% and for TEM mode they remain in a range between -6% and 6%. 
 

 
      (a)            (b) 

Figure 5-36: % variation of losses (a) and phase difference (b) in frequency for the TE and TEM modes. 
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5.4   Final Simulations and Measurements 

This last section focuses on the final phase shifter design and simulations obtained with 

different liquid crystal polarizations. The simulations are compared with measurements. Figure 

5-37 shows the final designs with the liquid crystal cell embedded in the gap waveguide structure 

with transitions to WR-10. Two designs with different lengths have been implemented. The 

prototype in Figure 5-37(a-b) contains a phase shifter with an effective length of 16 mm and in 

the prototype in Figure 5-37(c-d)  the effective length is half. The SU-8 photopolymer is 

represented in dark blue and the liquid crystal in light blue. The inverted double L shape of the 

liquid crystal is noteworthy. This is because in manufacturing it is necessary to open two channels 

in the SU-8 so that the liquid crystal can access the interior of the pool by capillarity. In addition, 

the centre channel has been widened by 0.4 mm, 0.2 mm on each side of the electrode, to ensure 

that the electrode polarizes as much liquid crystal as possible. The final width of the liquid crystal 

pool is 2.8 mm instead of 2.4 mm. 

 

Figure 5-37: 3D model of the final phase shifter designs. Images (a) and (b) correspond to the long phase 

shifter (16 mm) and (c) and (d) for the short phase shifter (8 mm). (a) and (c) illustrate the ground plane 

and the shape of the electrode. (b) and (d) show the liquid crystal pool aligned with the groove gap 

waveguide base (the top quartz wafer with the ground plate is hidden). 

 

Figure 5-38 contains several photos of the manufactured prototypes. The short and long 

prototypes appear in Figure 5-38(a) with their respective 3D printed bases using SLA and 

subsequent copper plating. The liquid crystal cell on the quartz base is separated from the base of 

pins in order to appreciate its internal structure. A pair of wires are connected to the ground and 

the electrode to apply the desired voltages. The complete measurement assembly is shown in 

Figure 5-38(b). It shows the WR-10 sections whose flanges are connected perpendicular to the 

3D-printed base. The quartz wafer with the phase shifter includes the holes for screwing these 

flanges, as well as four smaller holes for the alignment pins. In this way, it is possible to keep the 

entire structure aligned. The screws are gently tightened to prevent the pieces from moving 

without breaking the quartz. The two connectors from the voltage source connected to the phase 

shifter cables can also be observed. Finally, Figure 5-38(c-d) present microphotographs of the 
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most critical structures of the liquid crystal phase shifter. There is a high precision in the 

photolithography process carried out to manufacture the complete electrode, including the low 

pass filter (Figure 5-38(c)) and the transmission line with corrugations (Figure 5-38(d)). No 

defects are observed in the central section of the filter (100 µm width) or in the electrode 

corrugations (200 µm width). In addition, Figure 5-38(d) clearly differentiates the area where SU-

8 has been deposited and the area with liquid crystal. 

 

Figure 5-38: Manufactured prototypes. (a) Picture of the unassembled prototypes, (b) measurement set-up 

and microphotographs of the low pass filter (c) and the electrode with the SU-8 polymer and liquid crystal 

(d). 
 

Unfortunately, it was only possible to include the measurements for the long phase shifter in 

this work, as an alignment error during the manufacturing of the short phase shifter made its 

correct assembly and measurement unfeasible. All simulations and measurements shown from 

now on in this chapter belong only to the long phase shifter. Figure 5-39(a) depicts the simulated 

S11 parameter of the long prototype, which is below -10 dB in a 10 GHz band centred at 92.5 GHz 

for all the applied voltage values between 0 V to 30 V. Figure 5-39(b) shows that the simulated 

losses vary between 4 dB and 7 dB, considering the loss tangent values at 19 GHz tanδ//=0.0035 

and tanδ⟂=0.0128. The effective phase shifting length is 16 mm, resulting in a maximum phase 

variation of around 450 degrees, as shown in Figure 5-39(c). The applied voltage value is 

indicated in the legend for each curve. When the voltage increases, the molecules begin to tilt 

until they reach saturation around 28 V. Since the electric field of the propagating mode is 

perpendicular to the parallel plates of the phase shifter, the effective dielectric constant for 0V is 

close to ε⟂ and ε// for 28 V. Together with the simulated curves is included a measurement made 

applying a voltage of 28 V. The measured results differ greatly with simulations due mainly to 

the high reflection coefficient above -5 dB. This causes a severe drop in the transmission 

coefficient reaching values of -20 dB in the central zone of the band, coinciding with reflection 

peaks of -2.5 dB. Despite these bad results in amplitude, the phase shift achieved for parameter 

S21 reaches 400º, although it is about 50º below the simulated value. 
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(a)                 (b) 

 
(c) 

Figure 5-39: Simulated and measured results of the long phase shifter for different voltages values. 

Magnitude of S11 parameter (a), magnitude of S21 parameter (b) and phase of S21 parameter (c). 
 

The high mismatch indicates that there are significant errors in the manufacturing of the 

prototype. The critical point is at the interface between the stepped ridge and the liquid crystal 

cell in Figure 5-40. Due to the low thickness of the liquid crystal (100 µm), a good matching 

between the last step of the ridge and the transmission line containing the liquid crystal is 

especially complicated. A small misalignment or variation of the separation between the two parts 

can lead to a major mismatch.  

 

Figure 5-40: Matching stepped ridge: (a) Magnitude of the electric field in the ridge-liquid crystal cell 

interface. (b) Cross-section of the structure. 
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To find the source of the high reflection, a complete characterization of the physical 

structure has been carried out. Firstly, an additional layer of epoxy adhesive has been added in 

manufacturing to fix the liquid crystal cell over the quartz wafer. This layer appears as a dielectric 

mass (εr=3) at the input and output of the liquid crystal line. This mass has a wedge shape with a 

slope of about 45º and 400 µm length on the short sides (see Figure 5-41(a)).  

Additional deviations were found in the shape of the gap waveguide pins when observed 

by optical microscope. Figure 5-41(b) shows that the bottom of the pins has a larger diameter than 

the top. Specifically, the measured dimensions were 0.65 mm and 0.367 mm for the pins of the 

groove gap waveguide structure and 0.627 mm and 0.313 mm for the pins located under the liquid 

crystal cell.  

Under the microscope, burrs have also been observed on all edges (outer sides and holes) 

of the quartz wafer, as observed in Figure 5-41(c). These burrs appear as a result of the laser cut 

used to form the necessary shape, which melts the quartz and leaves a small amount accumulated 

on all edges. The height of these burrs is around 150 µm, which increases the separation between 

the stepped ridge and liquid crystal cell.  

Finally, a depth probe has been used to measure the height of all the features of the base 

printed in 3D (Figure 5-41(d)). Most of the errors of the printing process are negligible, although 

they highlight an increase in the height of the external support base of 54 µm, and a reduction of 

the height in the arc of the transition to WR-10 (50 µm), in the height of the GGW pins (100 µm) 

and in the height of the last step of the ridge (100 µm).  All these data are summarized in the Table 

5-II. Additionally, the liquid crystal parameters ε//, ε⟂, tanδ// and tanδ⟂ used are provided by Merck 

measured at 19 GHz. The parameters estimated from measurements differ slightly. Further 

research considering a method for measuring the properties of liquid crystal is needed. The values 

are included in Table 5-II (IDs 9 to 12). 
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(c) 

 

  
(d) 

 

Figure 5-41: Characterization of the manufacturing errors: (a) epoxy adhesive layer on the sides of the 

liquid crystal cell not contemplated in the simulations, (b) conical shape of the pins instead of cylindrical 

(bottom part larger than top), (c) presence of burs in the curs carried out in the quartz wafer and (d) variation 

of the height of the external support plane, arched transition to WR-10, gap waveguide pins and steps of 

the ridge. The elements in the pictures are referenced by an identification number (ID) used in Table 5-II. 

 

TABLE 5-II: MEASURED MANUFACTURING ERRORS COMPARED TO IDEAL VALUES 
 

ID Errors Ideal Measured 

1 Epoxy adhesive 0 mm 0.4 mm ∢45° 

2 Pins shape Cylindrical Conical 

3 Quartz burrs 0 mm 0.15 mm 

4 Height external 3D 1.2 mm 1.254 mm 

5 Height arc to WR-10 1.2 mm 1.150 mm 

6 Height pins GGW 0.9 mm 0.8 mm 

7 Height pins LC 0.6 mm 0.58 mm 

8 Height steps ridge 0.2, 0.25, 0.3, 0.2 mm 0.205,  0.265, 0.295, 0.1 mm 

9 ε// 3.0169 @19 GHz 3.32 (88 - 100 GHz) 

10 ε⟂ 2.3616 @19 GHz 2.69 (88 - 100 GHz) 

11 tanδ// 0.0035 @19 GHz 0.01 (88 - 100 GHz) 

12 tanδ⟂ 0.0128 @19 GHz 0.035 (88 - 100 GHz) 

 

The effect of all measured errors has been individually tested in simulation. After their 

study, it is concluded that the errors involving a variation in the separation between the ridge and 

3 

Burr 

3 

Burr 

Depth probe 4 

5 

7 

6 8 
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the liquid crystal cell have the greatest impact on the increase in the reflection coefficient. These 

errors are the burrs in the quartz (ID 2) and the increase in the height of the support plane of the 

3D printed part (ID 3). In the Table 5-II, a colour code is included in the measurement column to 

indicate the effect of the error on the performance of the phase shifter. In red (IDs 2 and 3) there 

are errors with a high impact on the reflection coefficient (up to -2 dB), in orange (IDs 1, 5 and 

the fourth step of 8) there are errors with a medium impact that deteriorate the reflection 

coefficient to a maximum of -8 dB, in green (IDs 7 and the first three steps of 8) those whose 

effect is negligible and in blue (IDs 2 and 6) deviations that do not noticeably increase the 

reflection coefficient but displace it in frequency.  

In Figure 5-42, the result of the simulation is depicted including all the errors measured in 

the designed 3D model with an applied voltage of 26 V. It is presented in comparison with the 

measurements of the real prototype also with 26 V. There is a great similarity between 

measurement and simulation contemplating all the errors of the Table 5-II. Therefore, the design 

of the prototype is validated knowing the origin and effect of all the deviations found between the 

ideal model and the manufactured one. 
 

  
      (a)            (b) 

 

Figure 5-42: Comparison between measurements and modified simulations with all measured errors 

integrated in the design. (a) Reflection coefficient and (b) transmission coefficient. 
 

With the goal of improving the matching of the real prototype, we tried to correct the most 

critical errors, which are the quartz burrs (ID 3) and the extra height of the external support in the 

3D-printed piece (ID 4). Both pieces have been ground down with a sandpaper doped with 

diamond crystals to reduce 150 µm in the quartz and 50 µm in the 3D-printed piece. Pictures with 

final results are shown in Figure 5-43.  
 

       
     (a)           (b) 

Figure 5-43: Modified manufactured prototype. (a) 3D-printed base and (b) quartz burrs ground down to 

reduce excess material. 
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The prototypes were measured again with these corrections. The measurements obtained 

are shown in the Figure 5-44 together with simulations of the ideal phase shifter considering the 

estimated liquid crystal properties and the variation of θm with voltage conducted in section 5.4.1.  

 

   SIMULATION       MEASUREMENT 
 

   
       (a)              (b) 

 

    
       (c)              (d) 

 

    
       (e)              (f) 

 

Figure 5-44: Ideal simulated (a,c,e) and measured (b,d,f) phase shifters. (a,b) Reflection coefficient, (c,d) 

transmission coefficient and (e,f) phase shifting. Simulations with ε⟂=3.32, ε//=2.69 and θm in Figure 5-58. 
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After the corrections, the measured parameter S11 has a level between -4 dB and -2 dB, 

higher than S22 with a level below -6 dB between 90 GHz and 98 GHz. Despite this, the 

improvement in the S22 parameter has reduced the 93 GHz drop in transmission from -22 dB 

(Figure 5-42(b)) to -9 dB (Figure 5-44(d)) for 26 V. The mean value of the measured transmission 

coefficient ranges from -13 dB for 0 V to -8 dB for 30 V. This 5 dB variation in transmission 

losses is mainly due to the gradual change of the loss tangent from tanδ⟂ to tanδ//, although the 

transmission coefficient would be higher under ideal reflection conditions.  In simulation (Figure 

5-44(c)), the losses vary from 6.5 dB to 12.5 dB for the full structure including GGW sections, 

stepped and transitions. Compared to the losses produced by only a section of 16 liquid crystal 

unit cells, it is observed that approximately 2 dB are lost in the rest of the complete structure. 

Since it has been shown that the GGW sections have very low losses and the reflection is low 

enough in simulation, these losses may be due to the stepped transitions and the losses in the gold 

(σAu=0.78·σCu) present in the upper metal plate covering the entire structure. Another reason might 

be certain field dissipation in the quartz wafer in the gap waveguide region. The measurements 

of the phase difference as a function of the applied voltage are represented in Figure 5-44(f). The 

maximum phase shift at 30 V reaches a value of 360º. In order to match the measured phase 

results in simulation, it is necessary to estimate the average tilt angle θm as a function of the applied 

voltage. This study is conducted in section 5.4.1. The average tilt angle results for each applied 

voltage obtained in that study have been included in the simulation. The phase differences 

obtained coincide to a great extent with the measured ones, in which those taken every 5 volts are 

highlighted for a better view. 

5.4.1   Estimation of the Mean Tilt Angle θm from Measurements 

Determining the polarization capacity of the liquid crystal as a function of the applied 

voltage is essential to predict the phase shift obtained for a given voltage. This will be of great 

importance in future more complex designs or with multiple phase shifters. To do this, it is 

necessary to find a relationship between the applied voltage, the measured phase shift and the 

propagation constant. This relationship results in the estimation of a relative dielectric constant 

εzz associated with a mean tilt angle θm of the liquid crystal molecules. This estimated mean tilt 

angle θm from measurements is necessary in simulation models to be able to fit the pattern of the 

measured phase shift as a function of the applied voltage. 

First, we calculate the theoretical propagation constant of the transmission line formed by 

the liquid crystal cell. As the propagating mode is a TE10, the propagation constant 𝛾 can be 

expressed as 𝛾2 = 𝛾0
2 − 𝛾𝑐

2, with 𝛾0
2 = −𝜔2𝜇휀 and 𝛾𝑐

2 = −𝜔𝑐
2𝜇휀. To obtain the value of 𝛾 for a 

given frequency, it is necessary to know in advance the cut-off frequency 𝑓𝑐 = 𝜔𝑐/2𝜋 and the 

relative dielectric constant of the medium. It should be noted that for frequencies 𝑓 above the cut-

off frequency, 𝛾 = 𝑗𝛽. 𝛽 is obtained from the equation of the hyperbola in expression (5-11). 

 

 
𝑓2

𝑓𝑐
2
−

𝛽2

𝜇휀4𝜋2𝑓𝑐
2
= 1 

(5-11) 

To verify the validity of the results, we compared the data obtained analytically with those 

simulated with the CST Eigenmode solver. Figure 5-45 shows the results for the TE10 mode on a 

standard WR-10 waveguide (Figure 5-45(a)) and for the liquid crystal cell (Figure 5-45(b)). For 

the WR-10 waveguide, the coincidence between the analytical and the simulated model is total 
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for the two dielectric constants used. However, there is an important discrepancy for the results 

of the liquid crystal cell. This is because the TE10 mode in the latter case is not a pure TE10. Due 

to this discrepancy, the use of the expression (5-11) is not feasible, so it is necessary to perform 

the study with simulations for different mean tilt angles θm with the CST Eigenmode solver. 

 

  
         (a)              (b) 

Figure 5-45: Comparison between analytic and simulated dispersion diagrams for several dielectric 

constants. (a) Standard WR-10 and (b) liquid crystal cell. The periodicity p is 1 mm. 

 

A parametric sweep of the mean tilt angle θm has been carried out with a total of 13 

simulations. The dispersion diagrams obtained for the mode of interest are depicted in Figure 

5-46. The curve decreases in frequency as the simulation number increases. Each of these 

simulations corresponds to a different value of θm, represented in Figure 5-47(a). This angle has 

been selected so that the associated value of the dielectric constant εzz, shown in Figure 5-47 (b), 

is approximately linear. To establish the relationship between θm and εzz, the following values 

have been used for the properties of the liquid crystal: ε⟂=3.32, ε//=2.69, θp=4º, k11=20.9 pN and 

k33=25.5 pN. Assigning to each curve of Figure 5-46 the corresponding dielectric constant value 

of Figure 5-47 (b) and interpolating in two dimensions, we generate the map of Figure 5-48. This 

map relates the dielectric constant to the propagation constant and the frequency. The map 

includes εzz values from 2.7 to 3.3, which corresponds approximately to the range of estimated εzz 

values in measurements. 

 

 
Figure 5-46: Parameter sweep of the dispersion diagram of the liquid crystal TE10 mode. 
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       (a)              (b) 

Figure 5-47: Parameter values of mean tilt angle θm (a) and dielectric constant εzz (b) for each simulation in 

Figure 5-46. 

 

   
Figure 5-48: 2-D map of the frequency of propagation as a function of the dielectric constant εzz and the 

phase constant β. The periodicity p is 1 mm. 

 

From the map in Figure 5-48, the value of the normalized phase constant (Figure 5-49(a)) 

is extracted for each frequency. With that normalized value, the phase (Figure 5-49 (b)) 

introduced by the complete phase shifter is obtained, considering 16 unit cells of 1 mm each. To 

calculate the phase shift produced at each frequency by varying the dielectric constant εzz, the 

phase value for εzz=2.693 is subtracted from the phase value as a function of εzz. This first value 

of εzz corresponds to a mean tilt angle θm=4º.  

The curves with the phase difference obtained are depicted in Figure 5-50(a). Figure 

5-50(b) shows only the phase difference introduced for the frequency of 93 GHz. The phase 

difference values at this frequency are used since it corresponds to the central frequency of the 

working band. It should be noted that at 93 GHz, the phase difference obtained is practically linear 

with the variation of the dielectric constant. This linearity deteriorates as the frequency decreases. 

In any case, Figure 5-50(a) shows that for frequencies above 85 GHz, the phase shift obtained 

remains approximately constant. The total reachable phase shift with a maximum dielectric 

constant εzz=3.3 ranges from -375° at 93 GHz to -475° at 75 GHz. Due to the saturation of the 

liquid crystal with DC polarization voltages higher than 25-30 volts, these phase shifts are difficult 

to achieve so they are lower in measurement. 
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       (a)              (b) 

Figure 5-49: Normalized phase constant (a) and total phase for 16 unit cells (b) at several frequencies. 

 

   
       (a)              (b) 

Figure 5-50: Phase difference as a function of the dielectric constant εzz for several frequencies (a) and for 

the 93 GHz central frequency (b).  

 

With the information of Figure 5-50(b), which relates the obtained phase shift and the 

dielectric constant, it is possible to reconstruct the curve of dielectric constants εzz for each applied 

voltage from the phase shifts obtained in measurements at 93 GHz. The result obtained is shown 

in Figure 5-51, together with the phase shift measured at 93 GHz. A rapid phase variation stage 

occurs between 5 V and 15 V with a fall of 75% of the maximum phase shift obtained. 

 

  
Figure 5-51: Measured phase shift at 93 GHz and fit dielectric constant εzz. 
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Finally, the physical properties of the liquid crystal are sought to fit the curve of dielectric 

constants obtained in Figure 5-51. In Figure 5-52, a parametric sweep of all the parameters 

affecting the shape of this curve has been performed to show the effect of each property. The base 

values used are: k11=Fk11·20.9 pN (Fk11=1), k33=Fk33·25.5 pN (Fk33=1), θp=4º, ε⟂=3.32 and 

ε//=2.69. In each figure a different parameter varies, which is indicated in the legend. 

 

   
       (a)              (b) 

 

   
       (c)              (d) 

 

   
       (e)              (f) 

 

Figure 5-52: Parameter sweeps with the numeric solution of the dielectric constant εzz depending on the 

applied voltage. Variation of (a) factor Fk11, (b) factor Fk33, (c) both Fk11 and Fk33, (d) pretilt angle θp, 

parallel epsilon ε// and (f) perpendicular epsilon ε⟂. 

 

 



Advances in Periodic Structures and Manufacturing Technologies for mm-Wave Antennas  

 

 
  172  

 

 

To make a more precise estimate of the polarization of the liquid crystal pool, it is necessary 

to take into account the shape of the electrode. In the simulation model, all the material made of 

liquid crystal is polarized identically, even if there are areas that are not affected by the electrode 

because they are outside its influence. In order to verify the impact of this simplification, a 

simulation of the voltage applied between electrodes is carried out using the electrostatic solver 

of CST Microwave Studio. It is also necessary to know the shape and magnitude of the electric 

field of the TE10 mode that propagates through the electrode. The phase shift capacity depends 

mainly on the correct polarization of the liquid crystal in the areas with the highest magnitude of 

the electric field of the TE10 mode. Figure 5-53 represents three cuts in the electric field at the 

central plane of an electrode segment. The cut in Figure 5-53(a) corresponds to the DC electric 

field in V/m produced by the application of a volt of voltage to the electrode. Figure 5-53(b) 

represents the DC electric field ideally applied in the simulations made, equivalent to a uniform 

polarization of the whole liquid crystal. There are big differences between both cuts, with a field 

drop in the central cut and in the corrugations. Furthermore, in the final design an extra liquid 

crystal margin of 0.2 mm was introduced in the electrode lateral sides, so these areas are 

practically unpolarized. Figure 5-53(c) represents the maximum of the electric field of the TE10 

mode that propagates through the electrode at 92 GHz. Most of the field is concentrated in the 

central area of the electrode, with a small increase at the outer edge of the corrugations. This 

implies that, in average, the liquid crystal is correctly polarized in the areas with the greatest 

amplitude of the electric field of the TE10 mode. To estimate the average polarization factor we 

apply the expressions (5-12) to (5-14) to calculate the relationship between the effective 

polarization capacity of the final electrode and an uniform polarization. 
 

𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = ∫ ∫ ∫ 𝐸𝑇𝐸10

0.1

0

0.5

−0.5

1.4

−1.4

(𝑥, 𝑦, 𝑧) · 𝐸𝐷𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
(𝑥, 𝑦, 𝑧) 𝑑𝑥 𝑑𝑦 𝑑𝑧 

 

(5-12) 

𝑃𝑢𝑛𝑖𝑓𝑜𝑟𝑚 = ∫ ∫ ∫ 𝐸𝑇𝐸10

0.1

0

0.5

−0.5

1.4

−1.4

(𝑥, 𝑦, 𝑧) · 𝐸𝐷𝐶𝑢𝑛𝑖𝑓𝑜𝑟𝑚
(𝑥, 𝑦, 𝑧) 𝑑𝑥 𝑑𝑦 𝑑𝑧 

 

(5-13) 

𝑃𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 = 𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒/𝑃𝑢𝑛𝑖𝑓𝑜𝑟𝑚 (5-14) 

 

 
            (a)              (b) 

 
         (c) 

Figure 5-53: Electric field (V/m) at a central cut of the liquid crystal pool in a unit cell of the electrode. (a) 

DC E-field in the final electrode and (b) DC E-field in a uniform electrode applying 1 V. (c) Maximum E-

field for the TE10 inside the electrode at 92 GHz. 
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To calculate the integrals (5-12) and (5-13), we extract the simulated electric field values 

in the liquid crystal for the volume within the integration limits, in 0.005 mm intervals. The values 

obtained correspond to the z component of the electric field. As examples of the calculated results, 

Figure 5-54 shows the DC electric field values at the electrode when a volt is applied between the 

electrode terminals for z=0.005 mm (Figure 5-54(a)), z=0.05 mm (Figure 5-54(b)) and z=0.095 

mm (Figure 5-54(c)). Figure 5-55 shows the maximum amplitude of the z component of the 

electric field of the TE10 mode at 92 GHz for the same cuts in the z direction. In equation (5-13), 

the term 𝐸𝐷𝐶𝑢𝑛𝑖𝑓𝑜𝑟𝑚
(𝑥, 𝑦, 𝑧) = 𝑉/𝑑�̂�=10000�̂� V/m. Colour limits are the same that in Figure 5-53. 

 

 
            (a)               (b)              (c) 

Figure 5-54: Representation of the z component of the DC electric field for 1 volt applied between electrode 

terminals. (a) Cut in z=0.005 mm, (b) cut in z=0.05 mm and (c) cut in z=0.095 mm. 
 

 
            (a)               (b)              (c) 

Figure 5-55: Representation of the z component of the maximum electric field of the TE10 mode inside the 

liquid crystal at 92 GHz. (a) Cut in z=0.005 mm, (b) cut in z=0.05 mm and (c) cut in z=0.095 mm. 
 

For a complete characterization, the calculation of the liquid crystal polarization factor 

must be done as a function of the frequency and as a function of the mean tilt angle θm of the 

liquid crystal molecules. These two variables imply changes in the shape of the electric field in 

the TE10 mode, so the polarization factor is also affected. Simulations of the electric field of the 

TE10 mode have been carried out for a band from 85 GHz to 100 GHz and for θm from 0º to 79.09º. 

Figure 5-56 represents nine combinations of the electric field for these two variables at z=0.05 

mm. From left to right the fields are at 85 GHz, 92 GHz and 100 GHz, and from top to bottom 

the fields for θm =0º, 44.45º and 79.09º. The magnitude at the outer edges of the corrugations 

decreases with frequency and with θm, so the polarization factor is expected to increase. 
 

 
            (a)               (b)              (c) 

 
            (d)               (e)              (f) 

 
            (g)               (h)              (i) 

Figure 5-56: Representation of the z component of the maximum electric field of the TE10 mode at z=0.05 

mm for 85 GHz, 92 GHz and 100 GHz in horizontal and for θm =0º, 44.45º and 79.09º in vertical. 
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The result of the polarization factor in (5-14) is represented in Figure 5-57. It shows only 

some of the simulated angles θm for clarity of the represented curves. On average, we have a value 

of the polarization factor of approximately 0.97, so the effect of the non-homogeneous 

polarization of the liquid crystal has a very small impact on the final average value. This 

polarization factor moves in a range between 0.96 and 0.98 depending on the frequency and angle 

θm. In addition, the variation is greater with frequency than with θm. 

 

 
Figure 5-57: Calculated polarization factor using the final electrode shape instead of an uniform electrode. 

 

Combining the parameters in Figure 5-52 with the polarization factors in Figure 5-57, it 

has been found that the configuration that best fits the estimated dielectric constant curve in 

measurement at 93 GHz is the following: k11=Fk11·20.9=35.53 pN (Fk11=1.5), 

k33=Fk33·25.5=43.35 pN (Fk33=1.5), θp=6º, ε⟂=3.32 and ε//=2.69. In Figure 5-58(a), the measured 

estimation for the dielectric constant εzz is shown together with two numerically calculated curves. 

These two curves correspond to the original k11 and k33 parameters and to the estimated ones for 

fitting the measured curve. Figure 5-58(b) depicts the mean tilt angle θm of the liquid crystal 

molecules corresponding to the numerical adjustment of the dielectric constant curve before and 

after the polarization factor correction. The equivalent simulated applied voltage as a function of 

the real applied voltage is represented in Figure 5-59 for the case with uniform polarization and 

the actual polarization with the final electrode. The final estimated values of dielectric constants, 

loss tangents and elastic constants of the liquid crystal mixture are included in Table 5-III. 

 

   
       (a)              (b) 

Figure 5-58: Adjustment of the theoretical response of the liquid crystal to fit the measured response. (a) 

Dielectric constant εzz adjustment and (b) associated mean tilt angle θm. 
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Figure 5-59: Relation between the equivalent applied voltage used in the simulations and the actual 

applied voltage for the designed electrode and an uniform electrode. 

 

TABLE 5-III: ESTIMATED AND MEASURED LIQUID CRYSTAL PROPERTIES 
 

GT3-23002 19 GHz Merck Our estimation (88-100 GHz) 

ε⊥ 3.0169 ≈ 3.32 

ε|| 2.3616 ≈ 2.69 

tanδ⊥ 0.0128 ≈ 0.035 

tanδ|| 0.0035 ≈ 0.01 

k11 20.9 pN ≈ 35.53 pN 

k33 25.5 pN ≈ 43.35 pN 

θp - ≈ 6º 
 

To define the performance of this phase shifter, we calculate the figure of merit (FoM) as 

the ratio between the maximum phase shift and the maximum losses, FoM=Δφmax(º)/ILmax(dB). 

Figure 5-60 depicts the calculated FoMs for the measured device compared with the simulations 

of the full structure and only considering the electrode with 16 unit cells. The measured result is 

worse than the simulations due to the high reflections. A figure of merit between 25º/dB and 

30º/dB is obtained between 91 GHz and 97 GHz. The difference between the simulations with 

the full structure and only the electrode is due to losses in the GGW sections, the stepped ridge 

and the interaction between ridge and electrode. Table 5-IV compares the main characteristics of 

the phase shifter with other liquid crystal-based phase shifters found in the literature in terms of 

central frequency, maximum phase-shifting, FoM and size. 

 

Figure 5-60: Figure of merit of the measured and simulated phase shifters. 
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5.5   Conclusion 

The proposed electrically tuneable phase shifter based on liquid crystal provides a 

measured phase shifting rang up to 360º with applied voltages from 0 V to 30 V in a 7 GHz band 

centred at 93.5 GHz. The proposed design is low cost, simple to assemble and can be easily 

integrated into feeding networks for reconfigurable beam antennas. The main disadvantages of 

the measured prototype are: the high reflection coefficient between -6 and -2 dB produced mainly 

by the misalignment and separation between the two parts constituting the phase shifter, and the 

high insertion losses (8 dB to 13 dB) caused by the high loss tangent of the liquid crystal and to a 

lesser extent by the high return losses. The reflection problems caused can be mitigated by 

increasing the thickness of the liquid crystal pool, so that the deviations produced in 

manufacturing have a lesser impact on the matching. Regarding insertion losses, the liquid crystal 

manufacturer is investing efforts in producing new mixtures of liquid crystals with lower losses. 

The phase shifter is demonstrated and validated as a proof of concept and the manufacturing 

deviations will be corrected in future iterations of this design.  

TABLE 5-IV: COMPARISON WITH OTHER WORKS 
 

Ref. Technology f0(GHz) Δφ (º) FoM (º/dB) Size/λ 

[120] LC-NaM 60 89 37 0.3x0.3 

[121] LC-PCB-SSPP 9 75 15.2 0.45x2.16 

[122] LC-DW 97.5 726 130 0.59x10.73 

[123] LC-CMOS 45 275 52 0.027x0.32 

[124] LC-RGW 25 387 70 0.94x5.33 

[125] LC-MEMS 76 92 35 to 42 0.076x1.06 

[126] LC-ECPW 66 180 45 0.55x3.15 

This work LC-3DGW 93 354 27.2 0.74x5.58 

NaM: Nanowire Filled Membranes, PCB: Printed Circuit Board, SSPP: Spoof Surface Plasmons 

Polaritons, DW: Dielectric Waveguide, CMOS: Complementary Metal-Oxide-Semiconductor, RGW: 

Ridge Gap Waveguide, MEMS: Micro-ElectroMechanical Systems, ECPW: Enclosed Coplarar 

Waveguide, 3DGW: 3D-Printed Gap Waveguide. 
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Chapter VI 
6 Chapter VI: Glide-Symmetric Structures for Filtering and Refractive Index Control 

Glide-Symmetric Structures for Filtering 

and Refractive Index Control 

6.1   Introduction 

Higher symmetries were introduced as periodic structures in the 60s and 70s [47]-[48], but 

they have now acquired great interest and are being studied and developed in depth [42]-[43] 

thanks to the emergence of new electromagnetic computing tools. A particular case of higher 

symmetry, glide symmetry, is achieved with the reflection and translation of a unit cell. Glide 

symmetry has proven to modify and improve the electromagnetic properties of antennas and 

microwave devices. For example, glide symmetry can be used to reduce the dispersion of periodic 

structures [51]-[52], modify the refractive index for lens designing [63][136] and produce 

structures with an enhanced EBG response [58]-[60]. 

Preceding this work, all glide-symmetric structures proposed in the literature for parallel 

plate configurations have a horizontal plane of symmetry, perpendicular to the direction of 

propagation [53]. These configurations require two different planes, which complicates 

fabrication and can introduce alignment problems. 

In section 6.2, we propose a glide-symmetric structure in a single plane with ellipses as the 

main element on a dielectric substrate that acts as a support. Glide symmetry is achieved by 

placing the symmetry plane vertically, preserving the orthogonality with respect to the direction 

of propagation. The use of a dielectric substrate instead of an all-metal structure allows the 

introduction of additional degrees of freedom, including the ability to modify or break the glide 

symmetry in the case of using a substrate that may have different values of the dielectric constant 

(e.g., liquid crystals [138]). The propagation takes place mainly in an air gap above the plane of 

the ellipses, so the losses that the dielectric substrate may introduce are low. The electromagnetic 

properties of the structure in terms of dispersion, stop-bands or refractive index are determined 

by the orientation, size and position of these ellipses. 

In section 6.3, we propose other prototypes formed by two pieces in which a glide 

symmetry is applied in one or two planes. The application of these symmetries and the unit cell 

is based on those proposed in section 6.2 of this chapter. This symmetry can be broken by moving 

one piece over the other to open a stop-band. This is used to design mechanically reconfigurable 

filters in a rectangular waveguide. 

6.2   Single-Plane Glide Symmetry on Dielectric Substrate 

This section is organized in four subsections. Section 6.2.1 shows the basic properties and 

parameters of the glide-symmetric unit cell and some examples of operation. It includes the 

possibility to regenerate the glide symmetry from a symmetry-broken structure, maintaining the 

value of all parameters. In section 6.2.2, the performance of these new structures is illustrated by 

the simulated S parameters and dispersion diagrams of several preliminary designs with 10x10 

unit cells. Final manufactured prototypes are presented in Section 6.2.4 with a comparison 
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between simulations and measurements. Finally, section 6.2.5 discusses the results and potential 

applications of the proposed structures. 

6.2.1   Analysis and Parametrization 

The studied structures consist of two metallic layers separated by a given air gap. The top 

layer is a smooth metal sheet, while the bottom layer contains the glide-symmetric ellipses printed 

on the metal surface of a dielectric substrate. This configuration generates conditions in the 

electromagnetic fields inside the air gap between metal sheets that cause modifications in the 

propagation and the appearance of stop-bands depending on the shape and orientation of the 

ellipses. Figure 6-1 represents the unit cell with all the parameters that define its electromagnetic 

behaviour. Figure 6-1(a) shows the thicknesses of the air hAir and the dielectric substrate hDiel, 

together with the dielectric constant εr of the substrate and the period p. Periodic conditions in the 

x and y directions of the unit cell have been applied to perform the dispersion analysis. The 

direction of propagation selected in the analysis extends along the y-axis, in which there are two 

periodicities to generate glide symmetry. In the perpendicular direction x there is only one 

periodicity. Figure 6-1(b) shows the parameters related to the size, position, orientation and shape 

of the ellipses, which will determine the basic behaviour of the whole structure. In particular, the 

size of the major and minor semi-axes of the ellipses is defined by the values of A1 and B1 for the 

first ellipse and A2 and B2 for the second ellipse. The parameters φ and θ define the angle of 

inclination of the first and second ellipses. A zero value means a horizontal position of the ellipses 

(semi-minor axis in y-direction). Positive values of φ introduce counter-clockwise rotation for the 

first ellipse and positive values of θ imply clockwise rotation for the second ellipse. Finally, the 

distance between ellipses can be modified by the displacement parameter d. The ellipses are kept 

at a distance equal to the periodicity p with d=0, while values greater than zero mean that the 

second ellipse has moved towards the first ellipse.    

     

    
(a)       (b) 

Figure 6-1: Unit cell of the proposed structure and parametrization. View in perspective (a) and top view 

without the top metal plate (b). 

 

From the definition of the parameters presented in Figure 6-1, glide symmetry is achieved 

when A1 = A2, B1 = B2, φ = θ and d = 0. The symmetry axis is at the centre of the structure along 

the y-direction and glide symmetry is obtained by reflecting the initial ellipse through the 

symmetry axis and displacing the ellipse obtained at a distance p in the y-direction. Figure 6-2 
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depicts an example of the operation of this structure. Figure 6-2(a) represents the dispersion 

diagrams of a structure with glide symmetry and Figure 6-2(b) the same structure after breaking 

the symmetry with a modification of θ. The dispersion analysis has been carried out using the 

Eigenmode solver in CST Microwave Studio considering periodic boundaries in x and y 

directions, and electrical boundaries in the z direction. The dispersion diagrams only represent 

phase variations in y-direction, as it is the direction in which the glide symmetry takes place. The 

chosen parameters for the case shown in Figure 6-2(a) are the following: εr = 3, hAir = 0.3 mm, 

hDiel = 1.52 mm, p = 2.75 mm, A1 = A2 = 2.5 mm, B1 = B2 = 0.75 mm, φ = θ = 30° and d = 0 mm. 

The value of θ is changed to 90° in the structure of Figure 6-2(b). 

 

 
  (a)      (b) 

 

Figure 6-2: Dispersion diagrams for two configuration of the unit cell: glide-symmetric (a) and non-glide-

symmetric (b). 

 

Since the proposed structure is built by two different mediums, there are two fundamental 

modes of propagation, one in the air gap and one in the dielectric. The mode of interest in this 

case is the one that propagates in the air, as it has lower losses. An example of the dispersion 

curves of these modes is shown in Figure 6-2. For a glide configuration (Figure 6-2 (a)), non-

dispersive modes are obtained. However, the immediate effect of the rupture of the symmetry 

(Figure 6-2 (b)) is the appearance of stop-bands or frequency ranges in which the fields do not 

propagate in the chosen direction. The stop-band appears in both the air and dielectric modes, but 

it is wider and its effect is more pronounced in the air mode. This is because the air gap is thinner 

than the thickness of the dielectric and the electromagnetic fields confined inside are more 

influenced by the shape of the ellipses. The rupture of the symmetry generates a stop-band for the 

value β(2p)/π = 1 of the dispersion diagram, as expected from a periodic glide-symmetric structure 

with two periodicities [58]. The reference points indicated in Figure 6-2(b) represent the upper 

and lower limits of the stop-band, calculated for a 180° phase difference value between boundaries 

in y-direction, which is equivalent to a value of 1 normalized with respect to period 2p of the 

structure. In the parametric studies carried out in subsections 6.2.1.1 to 6.2.1.4, these reference 

points are used to show the behaviour of the stop-band and the refractive index. The refractive 

index n is calculated as the ratio of the speed of light in vacuum, c, divided by the speed of light 

in the medium under study, v. Equations (6-1) and (6-2) demonstrate that this is equivalent to 

calculating the relationship between frequency in vacuum, fv, and frequency in the medium under 

study, fm, for any βv(2p)/π = βm(2p)/π value of the dispersion diagram, assuming that periodicity 

Air stop-band

Dielectric stop-band
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p is the same in both cases. Since βv(2p)/π = βm(2p)/π, we have λv = λm, so we get the expression 

(6-2).  

 

𝑛 =
𝑐

𝑣
=

𝜆𝑣𝑓𝑣
𝜆𝑚𝑓𝑚

 (6-1) 

𝑛 =
𝑓𝑣
𝑓𝑚

 (6-2) 

 

The expression (6-2) implies that the refractive index increases if the frequency of the mode 

propagating in the medium under study decreases. In the studies carried out in this section, the 

frequency in vacuum for the reference point β(2p)/π = 1, with p = 2.75 mm, is 27.3 GHz. 

 

The structure of Figure 6-2(a) has been used as a reference for the parametric study 

(parameters: εr = 3, hAir = 0.3 mm, hDiel = 1.52 mm, p = 2.75 mm, A1 = A2 = 2.5 mm, B1 = B2 = 

0.75 mm, φ = θ = 30° and d = 0 mm). This section has been subdivided into four main subsections 

that each represents an alternative to break the symmetry and open stop-bands. Rupture of the 

symmetry is achieved by varying four fundamental parametric relationships: the size ratio 

between ellipses A2/A1, the vertical displacement of the second ellipse normalized with respect to 

the period d/p, the orientation of the ellipses φ and θ and the relationship between semi-minor 

axis B1, B2 and semi-major axis A1, A2 of the ellipses. The graphs also include other parameters 

that do not play a role in breaking the symmetry, but that can intensify its effect. At the end of 

this section, the effect of varying the period p is presented, for a glide and non-glide 

configurations. All the graphs represent the reference points at the right side of the dispersion 

diagram (β(2p)/π = 1), as indicated in Figure 6-2. The continuous lines indicate the lower limit of 

the stop-band, while the dashed lines indicate the upper limit. 

 

6.2.1.1   Symmetry Broken by the Ellipses Size 

The first observed rupture of the symmetry occurs when the ellipse sizes are different. For 

simplicity, the relationship between the minor and major semi-axes is maintained constant (B1/A1 

= B2/A2 = 0.3). In Figure 6-3, the stop-band opens when the second ellipse reduces its size, A2, to 

near zero while keeping the size A1 constant (A2/A1 = 0.1). It should be noted that the stop-band 

width begins to reach saturation for values less than A2/A1 = 0.5. This means that it is not necessary 

to reach very small ellipse sizes to achieve a larger stop-band, which facilitates the manufacturing. 

As expected, for an A2/A1 = 1 ratio, the glide symmetry is recovered and the stop-band is 

completely closed. Additionally, results have been included for different sizes of the first ellipse 

(A1 from 1.5 mm to 2.5 mm). The value of the period p of the structure has been kept constant to 

2.75 mm. It can be seen how the reduction in size of this ellipse leads to narrower stop-bands. In 

addition, the refractive index of the structure increases as A1 increases. This is consistent, as the 

fields propagating in the air gap are most affected by the dielectric for larger ellipse sizes.  
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Figure 6-3: Effect of the size of the second ellipse versus the first ellipse A2/A1 for different values of A1. 

The rest of the parameters are εr = 3, hAir = 0.3 mm, hDiel = 1.52 mm, p = 2.75 mm, B1/A1 = B2/A2 = 0.3, φ = 

θ = 30° and d = 0 mm. 

 

6.2.1.2 Symmetry Broken by the Displacement between Ellipses 

The second rupture of the symmetry relates the displacement of the second ellipse towards 

the first ellipse with the period, d/p. In combination with this, Figure 6-4 also shows the effect of 

varying the thickness of the air gap normalized to period, hAir/p. The value of p is 2.75 mm for all 

the cases. The rupture of the symmetry is greater for increasing d/p values, so the stop-band 

increases. Of special interest is the significant effect that reducing the thickness of the air gap has 

on the stop-band widening. The explanation for this phenomenon is once again that the effect of 

the elliptical structures intensifies when the field is more confined within the air gap. This also 

explains the shifting to lower frequencies for smaller thicknesses as the refractive index increases. 
 

 

Figure 6-4: Effect of the displacement d of the second ellipse towards the first ellipse for different values 

of the air gap thickness hAir/p. The rest of the parameters are εr = 3, hDiel = 1.52 mm, p = 2.75 mm, A1 = A2 

= 2.5 mm, B1 = B2 = 0.75 mm and φ = θ = 30°. 
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6.2.1.3   Symmetry Broken by the Orientation of the Ellipses 

Another alternative to break the symmetry lies in the φ and θ angles at which the ellipses 

are oriented. Figure 6-5 depicts the stop-band behaviour at a θ angle from 0 to 90 degrees for φ 

values that also range from 0 to 90 degrees in steps of 10°. In order to have a perspective of the 

effect of all the parameters of the structure, Figure 6-5 includes the results for various values of 

the thickness of the dielectric substrate normalized to the square root of its dielectric constant, 

hDiel/√휀𝑟 (εr = 3). It can be observed that the curves cross each other when φ and θ are equal, 

which happens in cases where glide symmetry exists. Therefore, the stop-band opens for θ values 

that differ more from φ. The curves have a sinusoid shape associated with the rotation of the 

ellipses, of which only a half of the period has been represented, since a similar behaviour is 

expected in the other half, θ values from 90 to 180 degrees. Regarding the thickness of the 

dielectric substrate, Figure 6-5 shows how the width of the stop-band increases for greater 

thicknesses, but this effect tends to saturate from a certain thickness. This is because the mode 

that penetrates the ellipses into the dielectric is an evanescent mode. Thus, when the thickness is 

small the mode does not have enough space to be attenuated, but for thicknesses greater than a 

certain threshold, the mode has been attenuated enough so that it is not affected by an increase in 

thickness. 

It should be noted that the points corresponding to cases with glide symmetry, where the 

stop-band closes, rise in frequency from the configuration φ = θ = 0° to the configuration φ = θ = 

90°. This is equivalent to the reduction of the equivalent refractive index. This is due to the way 

in which the modes are coupled through the elliptical slots, which depends on their orientation 

perpendicular or parallel to the direction of propagation. The coupling of a TEM mode is minimal 

in a slot oriented in the direction of propagation (φ = θ = 90°), but it is maximum if oriented 

perpendicularly (φ = θ = 0°). Therefore, the effect of dielectric substrate is lower in the first case 

producing a lower equivalent refractive index. 

 

 

Figure 6-5: Effect of the orientation φ and θ of each of the two ellipses for different values of the dielectric 

substrate thickness hDiel/√휀𝑟. The rest of the parameters are εr = 3, hAir = 0.3 mm, p = 2.75 mm, A1 = A2 = 

2.5 mm, B1 = B2 = 0.75 mm and d = 0 mm. 

 

For clarity, the widest stop-band cases have been selected for each φ value and represented 

in Figure 6-6 as fractional stop-band. Wider stop-band structures have a θ value of 0° for φ values 

mm

mm

mm

mm
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less than 40° and 90° for φ values greater than 40°. Of all the cases presented, the maximum stop-

band is given when φ = 0° and θ = 90° or φ = 90° and θ = 0°, which correspond to equivalent 

structures. In these cases, the width of the stop-band is about twice as wide as for φ = 40°. In 

Figure 6-6, we have a better visualization of the effect of dielectric thickness on the stop-band 

width. The thickness of the dielectric is doubled in each curve, but the increase in the width of 

stop-band is progressively reduced. 

 

Figure 6-6: Maximum fractional stop-band found for each value of φ in Figure 6-5 considering different 

substrate thicknesses. 
 

6.2.1.4   Stop-band Frequency Shifting and Axes Relation 

The last parametric study carried out in this work relates the period of the structure with 

stop-band frequency displacement. Different values of period p have been taken with the 

corresponding scaling of the ellipse dimensions to preserve the percentage of area occupied by 

the ellipses in the unit cell. The parameters of the reference structure for this stop-band study are 

the following: hAir = 0.3 mm, hDiel = 1.52 mm, A1 = A2 = 2.5∙(p/2.75) mm and d = 0 mm. A 

parametric sweep of the B1 and B2 values has also been included in the study, so that the ratio of 

the semi-minor and semi-major axes B/A (B=B1=B2; A=A1=A2) of the ellipses varies from 0.1 to 

1. The results are shown in Figure 6-7(a-b). Figure 6-7(a) contains the dispersion diagram value 

at β(2p)/π = 1 of a structure with glide symmetry (φ = 30°, θ = 30°). The analysis on a broken-

symmetry structure (φ = 0°, θ = 90°) is depicted in Figure 6-7(b). 

It is characteristic of periodic structures that the frequency behaviour is inversely 

proportional to its period. Thus, in Figure 6-7, it is observed that the modes move downwards in 

frequency with the inverse of p. In the glide-symmetric configuration there is no stop-band, so in 

Figure 6-7(a), only one curve is represented for each periodicity value p. It is interesting to note 

that, when the B/A value is higher, the frequency of the modes decreases, i.e. the refractive index 

increases. This is because the interaction of the electromagnetic fields with the dielectric material 

increases because of the reduction of the metallic surface. With respect to the non-glide 

configuration of Figure 6-7(b), both the curve for the starting frequency (solid) and the curve for 

the ending frequency (dashed) of the stop-band are represented. The pattern is similar to the 

behaviour of the glide configuration with the increase of the B/A value. However, there is a 

variation in the width of the stop-band that reaches its minimum when B/A=1, in which we recover 

mm

mm

mm

mm
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the symmetry and the stop-band disappears. Figure 6-8 represents the width of the stop-band 

obtained in each of the p values represented in Figure 6-7(b). It is clearly observed that the 

maximum width of the stop-band is achieved for B/A values ranging between 0.3 and 0.4. 
 

  
(a)               (b) 

Figure 6-7: Effect of the semi-minor vs semi-major axes B/A relation for different values of the period p. 

Values for a glide-symmetric structure (a) and a non-glide structure (b). The rest of the parameters are hAir 

= 0.3 mm, A1 = A2 = 2.5∙(p/2.75) mm and d = 0 mm. 
 

 
Figure 6-8: Bandwidth of the stop-band for the non-glide configuration in Figure 6-7(b) as a function of 

B/A for different values of periodicity p. 

6.2.1.5   Regeneration of the Glide Symmetry 

An interesting property of the structures analysed in this work is the regeneration of glide 

symmetry from a structure with broken symmetry. The procedure consists in applying the 

symmetry again on the non-glide unit cell using as symmetry axis one of the lateral edges. The 

procedure is shown in Figure 6-9, where the original unit cell is reflected and translated a distance 

p in the direction of propagation. Of special interest is the case in which the unit cell with broken 

symmetry has mirror symmetry, i.e. it is identical to the reflected unit cell considering the centre 

in y-direction as the axis of symmetry. This particularity allows to break and regenerate the 

symmetry only by displacing a column of the unit cell a periodicity p. In periodic prototypes with 

several unit cells, it implies the capacity to design reconfigurable structures based on the relative 

displacement of alternated columns in the direction of propagation.    
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(a)               (b) 

Figure 6-9: The non-glide-symmetric structure in Figure 6-7(b) mirrored using a different symmetry axis 

(a). The new glide-symmetric structure (b) is obtained from (a) after applying a translation. 

 

Figure 6-10 depicts a comparison of the dispersion diagrams obtained with the unit cells of 

Figure 6-9 (a-b). The main stop-band present for β(2p)/π = 1 in the non-glide unit cell, from 20.92 

GHz to 26.76 GHz, closes completely by regenerating the symmetry. Another interesting effect 

on non-glide structures is the appearance of an additional stop-band produced by the merging of 

the forward mode in air with the reverse mode in the dielectric. In the example shown in Figure 

6-10, this occurs for values around β(2p)/π = 0.75. This type of stop-band was explained in [139] 

as a complex mode that propagates in the structure. This additional stop-band is also completely 

closed in the glide configuration. 
 

 
Figure 6-10: Dispersion diagram of the structure in Figure 6-9(b) with regenerated symmetry compared to 

the original non-glide-symmetric structure in Figure 6-9(a). 

6.2.2   Preliminary Simulations 

To study the structures presented in section 6.2.1 in term of S-parameters, we have designed 

four preliminary models excited with waveguide ports.  The first three models (Figure 6-11(a-c)) 

contain 10x10 unit cells. The fourth model in Figure 6-11(d) consists of only 5x10 unit cells, as 

they are twice as wide as the others. Then, the total size is 33x66 mm. The values of the parameters 

in this section have been modified with respect to the section 6.2.1 in order to verify the behaviour 

with another set of values. These new values are: εr = 3, hAir = 0.2 mm, hDiel = 1.52 mm, p = 3.3 

mm, A1 = A2 = 3 mm, B1 = B2 = 0.9 mm and d = 0 mm. The only difference between designs in 

Figure 6-11(a), Figure 6-11(b) and Figure 6-11(c) is the value of angles φ and θ. Figure 6-11(a) 

is a glide-symmetric structure with φ = θ = 30°. This symmetry is slightly broken by changing θ 

to 90° in Figure 6-11(a) and maximally broken in Figure 6-11(c) by changing both φ and θ to 0° 
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and 90°. The design in Figure 6-11(d) has the same parameters values as Figure 6-11(c), but with 

the glide symmetry operation explained in Figure 6-9. The ports excite only the air gap above the 

metal ellipses with a TE10 mode. For the simulations, the losses in metals and dielectrics have 

been considered, using copper (σ=5.8·107 S/m) as metal, and a loss tangent tan𝛿=0.0035 for the 

dielectric substrate. The ports are electrically shielded and consider the first four modes. The 

boundaries in the structures are electrical (Et=0) in x and z directions and open in the y direction. 

                   
(a)        (b)               (c)           (d) 

 

Figure 6-11: Full designs with 10x10 unit cells of a glide-symmetric (a), non-glide-symmetric (b) and 

maximally non-glide-symmetric (c) structures and 5x10 unit cells of the regenerated glide-symmetric 

design (d). 

 

The results obtained in simulation are presented in two subsections. In subsection 6.2.2.1, 

the effect of the rupture of the symmetry on the S parameters is shown. In subsection 6.2.3, the 

results of the regeneration of the symmetry are represented. 

6.2.2.1   Breaking the Symmetry 

In Figure 6-12(a), the parameter S21 for structures in Figure 6-11(a-c) is depicted together 

with the modes of the dispersion diagrams. Parameter S11 is shown in Figure 6-12 (b). 

 
(a)      (b) 

 

Figure 6-12: Simulated S parameters of the designs in Figure 6-11(a-c). The S21 parameters are shown 

together with the dispersion diagrams to compare the position of the stop-bands (a). The S11 parameters are 

shown in (b). 
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The stop-bands increase when the symmetry rupture is greater, as already observed in 

Figure 6-5. However, the S parameters in Figure 6-12 show that not only does the frequency range 

of the stop-bands increases, but also the attenuation of the field at the output. First, we focus on 

the fundamental stop-band as the secondary stop-band produced by the merging of the forward 

and backward modes in air and in dielectric works differently. In Figure 6-12(a), the S21 parameter 

in the glide configuration (solid line) is around -1 or -2 dB, but this value falls below -15 dB for 

the case of partial symmetry rupture (dashed line) and reaches values below -25 dB for a 

maximum symmetry rupture (dotted line). The representation of parameter S11 in Figure 6-12(b) 

shows that this attenuation at the output occurs because most of the power is reflected towards 

the input. However, this is not the case with the secondary stop-band, whose output attenuation 

levels are -5 and -10 dB for the cases of partial rupture and maximum rupture. Therefore, this 

missing power must be injected into the dielectric, as it is not reflected towards the input. An 

additional detail observed in Figure 6-12(a) is that the attenuation produced by the stop-bands 

does not appear centred with respect to the stop-bands obtained in the dispersion diagrams. The 

reason for this is that the simulated structures are not infinitely periodic and the propagated modes 

within them have a low but not zero cut-off frequency. This condition results in the small shift 

upward in frequency observed in the simulations. 

6.2.3   Regenerating the Symmetry 

For a better visualization of the symmetry regeneration, Figure 6-13 shows a comparison 

of parameter S21 (Figure 6-13(a)) and S11 (Figure 6-13(b)) of the regenerated symmetry design 

(solid line), the original design with maximum symmetry rupture (dashed line) and the original 

glide-symmetric design (dotted line). The stop-bands disappear completely and the initial 

broadband transmission is recovered with attenuation values around -1 or -2 dB. 

 
(a)      (b) 

 

Figure 6-13: Simulated S parameters of the design with regenerated symmetry in Figure 6-11(d) compared 

to the results of the original glide and non-glide designs. The S21 parameters are shown in (a) and the S11 

parameters are shown in (b). 
 

To verify the advantage of this method of implementing glide symmetry in a single plane 

against alignment errors between parallel plates. the refractive indexes of two different unit cells 

have been calculated in Figure 6-14(b), with symmetry in a single plane and symmetry in two 

planes. An alignment error between parallel plates of 0.15 mm has been applied to these designs 
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to check their effect on the refractive index. The single-plane unit cell correspond to the design 

in Figure 6-11(a). The double-plane glide symmetric unit cell in Figure 6-14(a) is based on a 

design widely used in [44][45],[58]-[61],[63][64],[136], with circular holes on parallel off-shifted 

metallic plates. Refractive indexes are only analysed in one direction. It is observed that the 

rupture of symmetry caused by a small deviation in alignment can generate a large deviation of 

the refractive index at certain frequencies. In the specific case shown in Figure 6-14 there is a 

stop-band of about 2 GHz. This problem does not occur in the fabrication of the single plane 

structures analysed in this chapter. 

    
(a)     (b) 

Figure 6-14: Effect of misalignments between parallel plates: (a) common doble-plane unit cell used in 

literature and (b) comparison of the refractive index of the single-plane and double-plane glide-symmetric 

structures with and without alignment errors. 

 

6.2.4   Instrumentation and Final Prototypes 

To carry out an experimental demonstration of the phenomena described in this chapter, 

different devices were used for both the manufacturing and the measurement of prototypes. The 

manufacturing of the ellipses on substrate has been carried out with a LPKF ProtoLaser S4 with 

the dielectric material RO4350B (εr=3.66; tan(δ)=0.0035 @10GHz). The necessary aluminium 

parts were machined in an external company. Twenty 2.92 mm coaxial connectors with a core 

diameter of 0.3 mm and length of 7 mm were chosen for the connections. The calibration kit used 

is the 85056K HP/Agilent. The measurements were made using two 2.92 mm low phase error 

coaxial cables minibend KR-6 and 8 loads Anritsu K210. Finally, the Vector Network Analyzer 

used is the Agilent 8722ES model. 

Four designs have been made for the experimental demonstration. In three of them, we use 

the unit cells shown in Figure 6-15, which correspond to the glide configuration (Figure 6-15(a)), 

the non-glide configuration (Figure 6-15(b)) and the configuration with regenerated glide 

symmetry from a non-glide configuration (Figure 6-15(c)). The parameters chosen for the designs 

are: εr = 3.66, hAir = 0.2 mm, hDiel = 1.52 mm, p = 2.75 mm, A1 = A2 = 2.5 mm, B1 = B2 = 0.75 mm 

and d = 0 mm. The only values that are different are φ and θ, taking φ = θ = 30° for the glide 

configuration and φ = 0°, θ = 90° for the non-glide and regenerated configurations. The glide 

(Figure 6-16(a)) and non-glide (Figure 6-16(b)) designs contain 10x10 unit cells, whereas the 

design with regenerated symmetry (Figure 6-16(c)) contains only 5x10 unit cells due to the unit 

0.15 mm error 

No error 
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cell is twice as wide. The fourth design (Figure 6-16(d)) is a supporting structure that acts as a 

"thru" and that will be used to make phase corrections in the measurements of the other three 

designs. 
 

     
(a)      (b)            (c) 

 

Figure 6-15: Unit cells of the manufactured designs. Glide-symmetric configuration (a), non-glide 

configuration (b) and regenerated glide configuration (c). 

 

 
              (a)               (b)      (c)      (d) 

 

Figure 6-16: Elliptic configurations of the final designs: glide configuration (a), non-glide configuration 

(b), regenerated glide configuration (c) and “thru” section (d). 
 

The prototypes are excited by 10 coaxial connections, 5 on each side, to create a plane wave 

that emulates the boundary conditions used in the analysed unit cells. It should be noted that we 

have added a non-glide frame of ellipses around the four designs to prevent the propagation of 

spurious modes between the metal surface of the dielectric substrate and the aluminium casing 

that shields these designs. As we can observe in Figure 6-16, the total length of the surface with 

ellipses is 55 mm (each unit cell is 5.5 mm in length), but the distance between the coaxial 

connectors and the ellipses is 24 mm in total. This is the separation between coaxial inputs and 

outputs of the “thru” for a correct post processing of the measurements. 
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           (e)                 (f) 

 

Figure 6-17: Pieces of the metal casing for the “thru” section. Inner view of the top piece (a), cross section 

with the probes entering from the bottom part (b), cross section with the probes entering from the top part 

(c), detailed view of the stepped transition (d), details of the top piece (e) and details of bottom pieces (f). 

Two metal casings, one top and one bottom, cover the dielectric sheet. 10 coaxial 

connectors are inserted in these casings, 6 in the top casing and 4 in the bottom casing. In this 

way, the excitation at the input through 5 coaxial probes is achieved by alternating the up-down 

orientation of the connectors, as can be seen in the Figure 6-17. By introducing 3 probes from the 

top and 2 from the bottom, it is possible to achieve a separation between contiguous probes of 5 

mm, which coincides with half a wavelength in free space at 30 GHz. This ensures a good plane 

wave across the desired frequency range, between 20 and 30 GHz. Since the base size of the 

coaxial connectors is 9.5 mm, it is impossible to achieve this separation by inserting the probes 

on one side only. Therefore, the purpose of these metal casings is threefold. First, the 2.92 mm 

coaxial connectors can be screwed on. Secondly, the internal shape of these casings provides an 

acceptable matching of the complete prototype between 20 and 30 GHz, as the phenomena to be 
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demonstrated occurs between these frequencies. Finally, the thickness of each casing (top and 

bottom) must be such that the phase difference between the external surface and the inner surface 

must be the same to ensure that all probes excite the structure in phase. For this, both the thickness 

of the dielectric and the metallization of both sides of the dielectric are considered. All dimensions 

of the metal casings are shown in detail in Figure 6-17. The internal structure of the top casing is 

shown in Figure 6-17(a). This part corresponds to the design of the "thru", so its length is smaller 

than for the other designs. In particular, this casing increases its length by an additional 55 mm 

while keeping the 0.2 mm gap in the centre of the piece. There is a staggered shape from the input 

and output with the 5 holes for the coaxial probes to the central area with the gap of 0.2 mm. In 

the design, a 3 mm corrugation was introduced along the entire edge, which corresponds to 

approximately a quarter wavelength at the central frequency. This allows the short to be 

transformed into open and again into short-circuit in the internal boundary of the casing, ensuring 

good electrical isolation of the fields. Figure 6-17(b) represents a lateral cut of the complete “thru” 

design where the coaxial probes enter from the bottom side. Similarly, Figure 6-17(c) shows 

another lateral cut in which the coaxial probes penetrate from the top side. All holes in the 

dielectric substrate with a diameter of 0.7 mm are metallized to preserve the coaxial structure 

when the probes are introduced through them. For a better visualization, Figure 6-17(d) includes 

a detailed image of the central zone of Figure 6-17(b-c). Finally, Figure 6-17(e-f) present the 

details of the inner sides of the top and bottom part of the casing. All dimensional values required 

in the design of the casing are given in Figure 6-17(b-f). 

 

   
 (a)                     (b) 

 

  
             (c)                  (d) 

 

Figure 6-18: Pictures of the manufactured prototypes and assembly. Dielectric substrate with the elliptic 

patterns (a), top and bottom parts of the casing (b), detail of the transition at the top part of the casing (c) 

and final measurement assembly (d). 

The images of the manufactured prototype are shown in Figure 6-18(a-d). To reduce 

manufacturing costs, the four designs of Figure 6-16(a-d) have been implemented on a single 

piece of dielectric substrate (Figure 6-18(a)). In addition, instead of manufacturing a complete 

metal casing covering the entire prototype in Figure 6-17(a), a single casing has been built with 
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the short section for the thru and a long section for the glide (Figure 6-16(a)), non-glide (Figure 

6-16(b)) and regenerated glide (Figure 6-16(c)) designs. This allows a considerably reduction of 

the manufacturing cost, as the long section of the metal casing is identical in all three cases. This 

reduced casing consists of the top and bottom parts, as shown in Figure 6-18(b). Figure 6-18(c) 

shows a detailed photo of the stepped transition and Figure 6-18(d) depicts the final assembly in 

the measurement process with the cables and loads connected. For the measurement of the long 

designs, we moved the casing to the position of each one of them. Detailed images of the three 

ellipse configurations can be found in Figure 6-19: glide (Figure 6-19(a)), non-glide (Figure 

6-19(b)) and regenerated glide (Figure 6-19(c)). 
 

   
             (a)               (b)             (c) 

Figure 6-19: Detailed pictures of the elliptic configurations. Glide configuration (a), non-glide 

configuration (b) and regenerated glide configuration (c). 

The measurement process is critical, requiring at least 35 measurements for each of the 

designs. Therefore, all connections must be very stable to ensure that the conditions are the same 

in all 35 measurements. The results obtained from these 35 measurements are properly processed 

to combine the individual S parameters of each port in reflection and transmission parameters of 

an equivalent simultaneous excitation at the 5 input ports. This process has been applied to the 4 

designs and the results obtained are represented in Figure 6-20 together with the results of the 

simulations. Figure 6-20(a) represents the results of the "thru" section, Figure 6-20(b) the glide 

configuration section, Fig. 16 (c) the non-glide section and in Figure 6-20(d) the regenerated 

glide-symmetric design.  

The simulations have been carried out including the losses in the dielectric (tan(δ)=0.0035 

@10 GHz) and in the conductors (copper and aluminium). The results obtained fit very well with 

the simulations, except for a small upward shift in frequency of approximately 0.5 GHz for all 

cases. The appearance of a band with an attenuation greater than 20 dB between 22.5 and 27.5 

GHz is observed in the non-glide prototype (Figure 6-20(c)) with respect to the glide prototype 

(Figure 6-20(b)), whose effect is eliminated by regenerating the symmetry (Figure 6-20(d)). As 

indicated in Figure 6-10, an additional stop-band can be found at frequencies around 17.5 GHz in 

the non-glide case. The effect of this secondary stop-band is lower with an attenuation level 

between 15 and 20 dB, but it is present in the measurement due to the merging of the forward 

mode in the air and the backward mode in the dielectric. Finally, it is also of interest the 

appearance of a third stop-band in the three cases studied around 35 GHz, which is produced 

again by the fusion of forward and backward modes in air and dielectric. 

Of equal interest is the effect of these periodic elliptical structures on the phase. These 

results are depicted in Figure 6-21. For this study, the phase difference introduced by the "thru" 

section, represented in Figure 6-21(a), has been used as a reference. The first step is to eliminate 
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the phase shift introduced by the “thru” section from the measured phase of the elliptical 

configurations. With this, we obtain the phase difference produced only by the 55 mm section 

with ellipses (10 unit cells). These results are represented in Figure 6-21(b-d) applying a 

normalization in the phase with the factor β·(2p)/π.  

 

 
      (a)              (b) 

 
      (c)             (d) 

 

Figure 6-20: Simulated and measured S parameters of the “thru” section (a), the glide configuration (b), the 

non-glide configuration (c) and the regenerated glide configuration (d). 

 

As with the magnitude values, the measured phase values represented in the dispersion 

diagrams in Figure 6-21(b-c) coincide very well with the dispersion diagrams obtained from the 

unit cell analysis. The 0.5 GHz upward deviation in frequency appears again, but the shape exactly 

fits the results obtained in simulation. In addition to the measurement result, the graphs also 

include the result obtained from the full wave simulation of the S parameters of the complete 

designs, which matches better than the dispersion diagrams of the unit cells. In the glide (Figure 

6-21(b)) and regenerated glide (Figure 6-21(d)) cases, a non-dispersive behaviour up to 30 GHz 

is observed. The measured curve is closer to the light line in the regenerated glide configuration 

than in the original glide configuration, reaching the normalized value of 1 at 24.4 GHz in the 

first case and at 23.6 GHz in the second case (light line at 27.3 GHz). This means that there is a 

higher refractive index in the original configuration, which can be modified by varying the 

parameters of the unit cell. Of special interest is the dispersion diagram measured for the non-

glide prototype (Figure 6-21(c)), in which the two stop-bands produced around 17.5 GHz and 
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from 22 GHz to 27 GHz are clearly observed. In the range between these two stop-bands (18 to 

22 GHz) there is a considerably higher refraction coefficient than in the glide configurations, 

which can be used to implement a structure with a higher phase shifting capacity. 
 

 
       (a)             (b) 

 
      (c)             (d) 

 

Figure 6-21: Simulated and measured phases in transmission. Phase introduced by the “thru” section (a) 

and dispersion diagrams of the glide (b), non-glide (c) and regenerated glide (d) configurations. 

 

Figure 6-22 shows a comparison of the behaviour of the electric field within the air gap, 

more precisely in a cut in the middle of the air gap (0.1 mm). The frequencies have been 

conveniently selected to show the most interesting phenomena found in these structures: 

propagation at frequencies below the appearance of stop-bands (15 GHz), the maximum 

attenuation of the field found in the secondary stop-band (17.36 GHz), propagation between the 

two stop-bands (20.22 GHz), the maximum attenuation in the fundamental stop-band (25.28 

GHz), propagation at a frequency above the two stop bands (28.86 GHz) and attenuation in the 

third stop band (35 GHz). The fields propagate homogeneously in the two glide configurations 

except in the capture at 35 GHz where stop-band is present in all cases. For the non-glide 

prototype, the level of the electric field progressively decays along the structure for the 

frequencies contained in the stop-bands, especially in the fundamental stop-band (25.28 GHz) 

which has been exhaustively studied throughout this chapter. 
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Figure 6-22: Representations of the electric field inside de air gap of the simulated prototypes for the three 

configurations under study at given frequencies of interest. 
 

6.2.5   Conclusion 

This work introduces a new type of glide symmetry based on a single plane metal structure. 

The usefulness of these structures lies in generating stop-bands with different levels of attenuation 

and a variety of refraction coefficients in a simple and easy implementation. This functionality is 

demonstrated with the analysis of dispersion diagrams and simulation and measurement of the S 

parameters of the manufactured prototypes. Our parametric study highlights the tremendous 

number of different configurations that this technology offers to produce stop-bands with different 

bandwidths at various frequencies, as well as to generate equivalent refractive indexes. Our 

experimental results show a stop-band with a bandwidth of 5 GHz centred at the frequency of 25 

GHz (20% fractional bandwidth) with an attenuation of 5.5 dB/cm for the non-glide configuration. 

In the measured glide and regenerated glide cases, a wideband propagation with refractive indexes 

of 1.12 and 1.16 are obtained, being possible to reach values higher than 1.3 with other 

configurations. The implementation is done using ellipses with a certain orientation on the 

metallic face of a dielectric substrate. On them, a smooth metal plate is placed at a given distance, 

providing a gap of air through which the propagation of the electromagnetic fields takes place. 

Unlike previous glide-symmetric structures described in the literature, the alignment of the 

surface with ellipses and the upper metal plate is not a problem when manufacturing a prototype 

based on this technology, since a misalignment does not produce any rupture of the symmetry in 

this case. This is of particular interest for the design and manufacturing of Luneburg lenses like 

the one developed in [136], as it would reduce the manufacturing complexity. The Luneburg lens 

Glide-symmetric No glide Regen. symmetry

15 GHz

17.36 GHz

20.22 GHz

25.28 GHz

28.86 GHz
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presented in [136] is implemented by means of two opposing metal parts in which a glide-

symmetric holey structure was machined. If the alignment of these two plates is not good enough, 

ruptures of symmetry may appear between the upper and lower plates, resulting in small stop-

bands through the structure. The application of glide symmetry in a single plane prevents the 

occurrence of this problem. Although we have demonstrated in this work that the rupture of the 

symmetry in the plane of the ellipses generates a stop-band with an attenuation of approximately 

30 dB in the 55 mm of surface, there are works that demonstrate that the glide-symmetric holey 

structures in two metallic surfaces provide a greater attenuation per unit length. In particular, the 

EGB achieved in [59] provides 3.5 times more propagation blockage. This work has only studied 

the attenuation in a particular configuration of ellipses to demonstrate the appearance of stop-

bands, so further investigation with other configurations is required. The main function of the 

dielectric material used in the designs of this work is to act as a support for the glide-symmetric 

ellipses. Future lines of research focused on this type of structures can be based on the substitution 

of the dielectric substrate by a thin sheet of metal suspended in the air with the pattern of ellipses. 

Since it has been demonstrated that it is possible to regenerate glide symmetry from a specific 

non-glide configuration, the use of thin metal plates instead of dielectric material allows the 

possibility of breaking and regenerating symmetry by displacing alternate rows of ellipses at a 

distance equal to the periodicity p. Another possibility is to replace the dielectric material with an 

anisotropic material such as liquid crystal [138], whose effective dielectric constant in the 

direction of propagation can be modified by applying a voltage between the parallel metal plates 

containing it [41]. This property would make it possible to electrically control the appearance of 

stop-bands and refractive index. Therefore, these structures offer the possibility of developing 

both mechanically and electrically reconfigurable devices. 

6.3   Single and Double Glide Symmetry for a Mechanically 

Reconfigurable Waveguide Filter 

Tuning capability in microwave and millimetre-wave systems is of great interest for new-

generation communications. The application of reconfigurable elements in antenna systems 

allows modifying the beam pointing direction, changing the shape of the main beam by 

modulating the amplitude and phase of radiating elements. The application of reconfigurable 

elements for the design of filters also has an essential interest in systems that work in non-static 

frequency bands, for the elimination of interference that may appear in a given band that is critical 

to the proper functioning of the system or for the cost reduction of equipment that can meet their 

needs in one or more specific frequency bands using the same type of reconfigurable filter for all 

of them. 

There are proposals for the design of reconfigurable filters using screws at X and Ku band 

[140][141]. The depth and thickness of these screws in resonant cavities modify the resonance 

conditions and produce a frequency shift of the working band. Similarly, waveguide slot antennas 

with reconfigurable beam at Ku band have been proposed using screws to modify the phase of 

the fields inside the waveguide [142]. 

Another alternative that takes advantage of the mechanical movement to vary the properties 

of the device is based on the use of microelectromechanical systems (MEMS). These MEMS have 

mechanical parts that are controlled with electronic circuitry. Their application in filters consists 

of the integration of micro-actuators that modify the operating band of the filter. These MEMS 

are usually small, so they are a good candidate for filters in high frequency bands such as V band 
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[143][144][145], although they are also used in lower bands such as X or L bands [146][147]. 

However, MEMS for prototypes and non-commercial designs are expensive to manufacture 

because of their complexity and accuracy. 

Electrically reconfigurable filters have been developed using varactors. These devices 

introduce a variation of the capacity controlled by voltage, which modifies the resonance 

frequency of the filters. This type of filter has been documented for microwave frequencies from 

UHF, L and S bands [148][149] to X and K bands [150]. However, finding commercial varactors 

that operate in millimetre-wave bands is still a challenge. High frequency varactors technology 

has yet to experience a process of maturation. 

Other commonly used solution for the design of reconfigurable elements is the 

displacement of one or more pieces through the structure. In waveguide this is typically achieved 

by moving metal parts or sheets [151][152]. There are proposals in S-band with resonator springs 

that depending on the pressure applied, the deformation of the springs moves the operating band 

of the filter [153]. In the terahertz range, there are reconfigurable filters based on polymer Bragg 

resonators [154]. By controlling the distance between these resonators, the field transmittance 

response can be modified. 

In this section, the design of a reconfigurable waveguide filter based on glide symmetry is 

presented. Thanks to the symmetry break of elements with glide symmetry, it is possible to open 

a stop-band in a given frequency band. By alternating between a symmetrical and a non-

symmetrical structure, a tuneable function is achieved. There are previous works that exploit this 

property, like filters in coaxial with polar-symmetry reconfigurable by means of a rotation [155] 

or the displacement of silicon glide-symmetric structures in optical filters [156]. Phase shifters 

have also been designed to enhance the phase shift capacity with this type of symmetry, although 

in this case there is no possibility of tuning [157]. 

6.3.1   Definition of the Unit Cell 

The design of the unit cells is based on the ideas of creating and breaking glide symmetry 

detailed in the section 6.2. In this case, the design is oriented to manufacturing by CNC machining 

in aluminium. For this purpose, instead of implementing elliptical shapes in the metallization of 

a dielectric substrate, cigar-shaped holes are made in the aluminium. These holes can be easily 

implemented with CNC machining, as it is only necessary to insert the drill into the aluminium, 

slide it in one direction and extract it. In the section, it was demonstrated what are the parameters 

necessary to create or break a glide symmetry on a single plane. In this case, we take the simplest 

configurations for the design of two different unit cells: one with glide symmetry and one with 

broken symmetry. For the first case we choose horizontal cigar-shaped holes and for the second 

case a horizontal and a vertical cigar-shaped holes, separated by a certain distance.  To introduce 

the tuning property, we apply an additional glide symmetry, so that a vertical mirroring and a half 

unit cell translation is applied to the described unit cell. Thus, with two pieces facing each other 

up and down, a displacement is applied to one of these pieces to break or regenerate the symmetry. 

The particularity of both designs is that one has double glide symmetry and the other single glide 

symmetry. When one of the pieces is displaced over the other, then one of the glide symmetries 

is lost. Therefore, after the displacement the first design is left with only one symmetry and the 

second one without any symmetry. This results in the ability to open or close different stop-bands 

in each design by simply sliding one of the pieces. 
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Both designs are based on waveguide, with a width of 2.15 mm and a length of the unit cell 

in the periodic direction of 2.9 mm. These dimensions, together with those of the holes ensure 

that the modes of interest are propagated within the W-band. The unit cell with double glide 

symmetry is shown in Figure 6-23. In Figure 6-23(a), it can be seen that it is formed by two pieces, 

each one of them with glide symmetry, which are also positioned in such a way that one piece 

also forms this symmetry with respect to the other. The separation between pieces corresponds to 

the height of the waveguide, which in this case is 0.5 mm. These small heights are necessary to 

accentuate the effect of the holes. In this ideal design, the gap between the two pieces is sealed 

on the sides by an electric boundary (Et=0), just as in a traditional waveguide.  

The displacement of one part over the other is mG=0.725 mm, which corresponds to a 

quarter of the total length of the unit cell. However, since the current structure is equivalent to 

two consecutive identical unit cells, this displacement is actually half a unit cell, as required to 

achieve glide symmetry. For this design, a unit cell with twice the length has been used to make 

a fair comparison with the design that lacks symmetry in each part. The depth of the holes is 1 

mm, which ensures that the mode inside them is evanescent, so a small deviation in depth barely 

affects the behaviour.  

Figure 6-23(b) and Figure 6-23(c) show the dimensions of the holes and the separation 

between them. The dispersion diagram of the unit cell shown in Figure 6-23 is depicted in Figure 

6-24. It represents three different cases with an offset mG=0 mm (maximum symmetry break), 

mG=0.3625 mm (partial symmetry break) and mG=0.725 mm (glide-symmetric structure). The 

double glide symmetry (mG=0.725 mm) allows the propagation of a four-fold TE10 mode in a 

band from 71.6 GHz to 103.5 GHz. The break of the symmetry produces a stop-band for β=0 that 

increases until mG=0 mm. At this point, the stop-band covers the maximum band from 88.55 GHz 

to 105.65 GHz. As one of the glide symmetries is still preserved, the original four-fold mode is 

divided into two two-fold modes. 

 

 
(a)     (b)    (c) 

Figure 6-23: Double glide-symmetric ideal unit cell. (a) Full structure with both pieces, (b) top piece and 

(c) bottom piece. 
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Figure 6-24: Dispersion diagram of the double glide-symmetric ideal unit cell for different stages of rupture 

of symmetry. Glide-symmetric for mG=0.725 mm and non-glide-symmetric for lower values. mG=0 mm 

for maximum rupture of the symmetry. 2p=2.9 mm. 

 

The unit cell with single glide symmetry is shown in Figure 6-25. In Figure 6-25(a), it can 

be seen that it is formed by two pieces with holes forming a T with broken symmetry. Both pieces 

are positioned in such a way that one piece forms a glide symmetry with respect to the other. The 

separation between pieces in this case is 0.8 mm. The gap between the two pieces is also sealed 

on the sides by an electric boundary (Et=0). In this case, the displacement of one part over the 

other is mG=1.45 mm for glide symmetry configuration, which corresponds to half the total length 

of the unit cell. Figure 6-25 (b) and Figure 6-25 (c) show the dimensions of the holes and the 

separation between them. The dispersion diagram of the unit cell shown in Figure 6-25 is depicted 

in Figure 6-26. It represents three different cases with an offset mG=0 mm (maximum symmetry 

break), mG=0.725 mm (partial symmetry break) and mG=1.45 mm (glide-symmetric structure). 

The single glide symmetry (mG=1.45 mm) allows the propagation of a two-fold TE10 mode in a 

band from 71.2 GHz to 95.4 GHz. The break of the symmetry produces a stop-band for β=π/2p 

(2p=2.9 mm) that increases until mG=0 mm. At this point, the stop-band covers the maximum 

band from 81.3 GHz to 87.9 GHz. The original two-fold mode is divided into two one-fold modes. 

This is also true for the second mode that propagates in the structure, although this mode is outside 

the W-band. 

 

 
(a)     (b)    (c) 

Figure 6-25: Single glide-symmetric ideal unit cell. (a) Full structure with both pieces, (b) top piece and (c) 

bottom piece. 
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Figure 6-26: Dispersion diagram of the single glide-symmetric ideal unit cell for different stages of rupture 

of symmetry. Glide-symmetric for mG=1.45 mm and non-glide-symmetric for lower values. mG=0 mm for 

maximum rupture of the symmetry. 2p=2.9 mm. 

 

The final prototypes require an electromagnetic sealing of the interior of the waveguides 

defined in Figure 6-23 and Figure 6-25. For this purpose, new structures have been introduced in 

the unit cell, as shown in Figure 6-27. To reproduce the electrical wall on the sides of the 

waveguide, a metal protrusion 0.6 mm wide has been designed on one face of the waveguide 

which is inserted into a groove on the other face. The protrusion has a central notch 0.2 mm depth 

that prevents the propagation of additional modes in the band of interest between the protrusion 

and the groove. In addition, gap waveguide pins have been introduced to cut off possible field 

leakage. 

These structures allow the displacement of a piece over the other since there is no crossing 

of metal parts for any relative position between pieces. However, the modifications slightly break 

the glide symmetry, as each piece has different shapes. This is not a big problem, since most of 

the electromagnetic field is confined in the area of the structure that does have glide symmetry. 

The resulting dispersion diagram for the unit cell in Figure 6-27 is depicted in Figure 6-28. The 

modes of the original unit cell remain almost identical. Other unwanted modes appear, but outside 

the band of interest. 
 

      
(a)      (b) 

     
(c)      (d) 

Figure 6-27: Double glide-symmetric final unit cell. (a) Full structure with both pieces, (b) top piece, (c) 

bottom piece and (d) front view of the complete unit cell. 
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Figure 6-28: Dispersion diagram of the double glide-symmetric final unit cell for different stages of rupture 

of symmetry. 2p=2.9 mm. 

 

 
(a)      (b) 

 
(c)      (d) 

Figure 6-29: Single glide-symmetric final unit cell. (a) Full structure with both pieces, (b) top piece, (c) 

bottom piece and (d) front view of the complete unit cell. 

 

 
Figure 6-30: Dispersion diagram of the single glide-symmetric final unit cell for different stages of rupture 

of symmetry. 2p=2.9 mm. 
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The same modifications are applied to the unit cell with single glide symmetry to ensure 

the manufacturability of the parts. The final unit cell is illustrated in Figure 6-29. The behaviour 

of the dispersion diagram for the modes of interest 1 and 2 is maintained with respect to the ideal 

case. Figure 6-30 shows the modes present in the structure. The unwanted modes are similar to 

the double symmetry unit cell and are outside the band of interest. 
 

6.3.2   Final Simulations and Measured Results 

The final prototypes include a WR-10 waveguide input and output. Pictures of the 

manufactured parts for the double glide-symmetric prototype are shown in Figure 6-31 and Figure 

6-32. A stepped right-angled bend transition in Figure 6-32(b) has been designed to access the 

device perpendicularly. This allows the parts to be screwed together in such a way that they can 

be moved relative to each other. In Figure 6-31(a) the bottom part includes transitions with the 

holes for the screws and alignment pins of the WR-10 flange. The top piece has only the cigar-

shaped holes and grooves. These grooves have the additional rail effect to ensure that the parts 

move in the desired direction. Figure 6-31(b) shows a picture of the manufactured prototype in a 

double glide symmetry position. The 0.725 mm displacement shown in Figure 6-31(c) results in 

the maximum symmetry break in this prototype. To take measurements at specific positions 

between parts, eight additional alignment holes corresponding to eight different positions have 

been included in the central part of the design. 

 
 

 
(a)      (c) 

Figure 6-31: Manufactured double-glide-symmetric prototype. (a) Inner view of top and bottom pieces, (b) 

pieces in glide-symmetric configuration and (c) pieces in broken symmetry configuration. 

 

           
(a)    (b) 

Figure 6-32: Detailed view of the manufactured double-glide-symmetric prototype. (a) Zoom of the central 

waveguide with cigar-shaped holes and (b) zoom of the stepped right-angled bend transition to WR-10. 

(b) 
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The results of measurements and simulations of this prototype are represented in Figure 

6-33 and Figure 6-34. The simulated S11 and S21 parameters are depicted in Figure 6-33(a,b), 

where it can be seen that for mG=0.725 mm there is a band from 79.44 GHz to 93.36 GHz with a 

reflection coefficient below -10 dB. When the symmetry is broken, for mG=0 mm the band 

narrows with a reflection coefficient below -5 dB between 74.7 GHz and 85.74 GHz. The 

reflection coefficient increases because the transition to WR-10 is optimized for the double glide 

configuration (mG=0.725 mm). Regarding the transmission coefficient, taking the values for 90.5 

GHz we find that S21=-0.93 dB for mG=0.725 mm. The more the parts are displaced, i.e. mG 

reduce its value, the more the transmission drops. For a maximum symmetry break (mG=0), the 

value of S21 falls below -50 dB at 90.5 GHz. This means a high filtering capacity.  

The measurements for the eight positions are shown in Figure 6-33(c,d). The bandwidth is 

narrower and the reflection increases mainly due to manufacturing errors in the joint between the 

ridges and the grooves. This joint should be as tight as possible to minimize field leakage and 

ensure correct displacement of one part over the other. During assembly it was noticed that this 

joint was considerably loose-fitting. In addition, the alignment holes have a larger diameter than 

expected so that it is difficult to achieve good alignment between parts. Because of all these 

problems it has not been possible to measure the prototypes in the positions corresponding to the 

simulations. The legend refers to the positions from 1 to 8, but they do not correspond to the mG 

values indicated in the simulations. The losses increase to approximately 5 dB due to this bad 

adjustment in the ridges and grooves junction and the roughness of the aluminium. Nevertheless, 

the filtering effect between position 2 and position 8 can be observed. For example, the 

measurement in position 2 at 86.7 GHz was S21=-4.34 dB, while in position 8 it is below -50 dB. 
 

    
(a)      (b) 

 
(c)      (d) 

Figure 6-33: Final S-parameters of the double glide-symmetric prototype. Simulated S11 (a) and S21 (b) 

results for different displacements mG values. Measured S11 (a) and S21 (b) results for different positions. 
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The rupture of the symmetry produces an additional phase shift that is represented in Figure 

6-34. In the simulation (Figure 6-34(a)), the position corresponding to mG=0.725 mm with double 

glide symmetry is taken as a reference. As the symmetry is broken, the phase difference increases. 

For the position of maximum symmetry break, the phase shift increases asymptotically up to the 

frequency value of 88 GHz at which the stop-band starts. The maximum phase shift varies from 

-50º at 75 GHz to -420º at 88 GHz. The reference position in measurements is position 2 in Figure 

6-34(b). In this case, the measurements are similar to simulations, although there has been a 

downward frequency shift of 4.5 GHz. 
 

 
(a)      (b) 

Figure 6-34: Phase-shifting of the double glide-symmetric prototype. Simulated (a) and measured (b) results 

for different positions. 
 

The final manufactured parts for the single glide-symmetric prototype are shown in Figure 

6-35 and Figure 6-36. In Figure 6-35(a) the bottom part includes transitions with the holes for the 

screws and alignment pins of the WR-10 flange. The top piece has only the cigar-shaped holes in 

T position and the grooves. Figure 6-35(b) shows a picture of the manufactured prototype in a 

single glide symmetry position. The 1.45 mm displacement shown in Figure 6-35 (c) results in 

the maximum symmetry break in this prototype. To measure at specific positions between parts, 

six additional alignment holes corresponding to six different positions have been included in the 

central part of the design. A detailed view of the holes in T position is shown in Figure 6-36(a). 

The design procedure for the stepped right-angled bend transition to WR-10 in Figure 6-36(b) is 

similar to the double glide-symmetric prototype. 

 

 
(a)      (c) 

Figure 6-35: Manufactured single-glide-symmetric prototype. (a) Inner view of top and bottom pieces, (b) 

pieces in glide-symmetric configuration and (c) pieces in broken symmetry configuration. 

(b) 
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The results of measurements and simulations of this prototype are represented in Figure 

6-37 and Figure 6-38. The simulated S11 and S21 parameters are depicted in Figure 6-37(a,b), 

where it can be seen that for mG=1.45 mm there is a band from 73.2 GHz to 92.55 GHz with a 

reflection coefficient below -10 dB. When the symmetry is broken, for mG=0 mm the band splits 

in two parts with a reflection coefficient below -5 dB from 71.7 GHz to 80.2 GHz and below -2 

dB from 89 GHz to 99 GHz. The reflection coefficient increases because the transition to WR-10 

is optimized for the single glide configuration (mG=1.45 mm). Regarding the transmission 

coefficient, taking the values for 84 GHz we find that S21=-0.81 dB for mG=1.45 mm. The more 

the parts are displaced, i.e. mG reduce its value, the more the transmission drops. For a maximum 

symmetry break (mG=0), the value of S21 falls to -33.7 dB at 84 GHz. This filtering effect occurs 

between 81 GHz and 88 GHz. However, the filter slope is smoother than for the double glide 

prototype and achieves lower filtering levels. 

   
(a)    (b) 

Figure 6-36: Detailed view of the manufactured single-glide-symmetric prototype. (a) Zoom of the central 

waveguide with cigar-shaped holes in T position and (b) zoom of the stepped right-angled bend transition 

to WR-10. 

 

The measurements for the six positions are shown in Figure 6-37(c,d). The same problems 

found in the double glide prototype are found in the single glide prototype. The reflection 

increases mainly due to manufacturing errors in the joint between the ridges and the grooves. 

Also, it is difficult to achieve good alignment between parts because of the extra diameter size of 

the alignment holes. Because of all these problems it has not been possible to measure the 

prototypes in the positions corresponding to the simulations. The legend refers to the positions 

from 1 to 6, but they do not correspond to the mG values indicated in the simulations.  
 

  
(a)      (b) 
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(c)      (d) 

Figure 6-37: Final S-parameters of the single glide-symmetric prototype. Simulated S11 (a) and S21 (b) 

results for different displacements mG values. Measured S11 (a) and S21 (b) results for different positions. 

 

The losses increase to approximately 5 dB. Nevertheless, the filtering effect between 

position 2 and position 6 can be observed. For example, the measurement in position 2 at 83.5 

GHz was S21=-4.56 dB, while in position 6 that value is -27.6 dB. The filtering band is between 

77.5 GHz to 85.8 GHz, so the measurements shift down in frequency 2.5 GHz approximately in 

relation to simulations. The bandpass for the glide configuration appears from 74.7 GHz to 95.9 

GHz for a level of -15 dB in the slope of the S21 value, which is shifted 1 GHz up in frequency 

compared to the simulation (from 72 GHz to 94.75 GHz). For this prototype, the rupture of the 

symmetry also produces an additional phase shift that is represented in Figure 6-38.  
 

  
(a)      (b) 

  
(c)      (d) 

Figure 6-38: Phase-shifting of the single glide-symmetric prototype. (a) Simulated results for the band 

before the stop-band, (b) simulated results for the band after the stop-band, (c) measured results for the 

band before the stop-band and (d) measured results for the band after the stop-band for different positions. 
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In the simulation (Figure 6-38(a,b)), the position corresponding to mG=1.45 mm with 

single glide symmetry is taken as a reference. We distinguish two clearly differentiated phase 

behaviours on the bands below (from 72 GHz to 83 GHz) and above (from 83 GHz to 95 GHz) 

the stop-band. As the symmetry is broken, for the first band the phase difference first grows above 

zero for mG=1.16 mm, but for lower values the phase difference increases with frequency. For 

the second band, the phase difference decreases for lower values of mG=1.45 mm and in 

frequency. In the position of maximum symmetry break, the phase shift increases asymptotically 

up to the frequency value of 81.5 GHz at which the stop-band starts. Then, the phase difference 

starts to grow to positive values and keeps growing from the end of the stop-band at 88 GHz up 

to the end of the band. The maximum phase shift varies from -120º at 81.5 GHz to 900º at 95 

GHz. The reference position in measurements is position 1 in Figure 6-38(b). The overall 

behaviour of the measurements is similar to simulations, although the maximum phase shifting is 

-91º at 79.7 GHz and 400º at 95 GHz. 

6.3.3   Conclusion 

This section presents two new combinations of glide-symmetric structures for the design 

of mechanically reconfigurable filters in rectangular waveguide. The designs are based on the unit 

cell scheme presented in section 6.2, replacing the ellipses with cigar-shaped holes for easier 

implementation by CNC machining in aluminium. Analysis of the unit cells shows the appearance 

of a stop-band when the upper part slides over the lower part and breaks the glide symmetry. Two 

different prototypes have been implemented with double and single glide symmetry, respectively. 

The presence of these symmetries alters the bandwidth properties of the prototypes and the 

position and characteristics of the stop-bands that appear when these symmetries are broken. The 

high filtering capacity of these designs has been demonstrated by simulation and measurement 

and can also be adjusted mechanically. Attenuations of around -50 dB and -30 dB are observed 

due to the appearance of the reconfigurable stop-band. The reflection deteriorates in the measured 

results due to manufacturing errors that prevent a correct sealing and displacement of the parts, 

as well as high losses of 5 dB. These losses, compared with values below 1 dB in simulation, are 

due to leaks caused by poor sealing between parts and the roughness of the aluminium, which has 

a bad finish. It is planned to modify the sealing system and the sliding rails in future prototypes 

to solve these problems. 
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Chapter VII 
7 Chapter VII: Glide-Symmetric Structures for Bandgap and Field Leakage Control 

Glide-Symmetric Structures for Bandgap 

and Field Leakage Control 

7.1   Introduction 

The evolution of antenna systems drives the development of new technologies for 

implementation in millimetre and sub-millimetre-wave bands. Gap waveguide technology has 

been extensively developed in the last decade for this purpose. It takes advantage of the 

electromagnetic bandgap (EBG) behaviour of certain periodic structures so good electrical 

contact between parts is not necessary. The first developments with this technology were based 

on periodic pin structures or bed of nails [158][159], which required at least 2 or 3 rows of pins 

on the sides of the transmission line to reduce to an acceptable level the leakage of electromagnetic 

fields. However, bed of nails may be difficult and expensive to manufacture at extremely high 

frequencies as the pins may be very thin. To overcome this limitation, several solutions have been 

proposed. One is the replacement of CNC-based manufacturing methods on aluminium by 

additive manufacturing, as proposed in Chapters II and III. Another solution is to use higher 

symmetries. Glide symmetry is a type of higher symmetry that has been applied to modify and 

improve the electromagnetic properties of antennas and microwave devices. This chapter presents 

new solutions based on glide symmetry to develop structures with enhanced bandgap and 

dispersion properties. These solutions are presented in sections 7.2 and 7.3. 

The use of glide-symmetric holes was proposed as a substitute for bed of nails in gap 

waveguide technology [58]-[60]. In the proposed solution in [58], holes in one layer are mirrored 

and translated by half of the unit cell period in both x and y directions. This idea was applied in 

[160] to a multi-layered structure, where the periodic glide-symmetric holes were used to avoid 

leakage between layers in rectangular waveguides. This novel configuration results in a suitable 

low-cost guiding structure with low losses and a flexible mechanical assembly for millimetre-

wave applications. The main problem with gap waveguide technology, in all its variants, is the 

large space occupied by the EGB surfaces on the sides of the transmission lines. This is crucial in 

waveguide arrays antennas, where excessive separation between parallel waveguides caused by 

pins or periodic holes results in the appearance of grating lobes. In section 7.2, we address the 

problem of the volume occupied by the periodic pins or holes in the gap waveguide to propose a 

solution based on cigar-shaped holes that allow the reduction of the dimension in one of the 

directions. In this way, it is possible to reduce the separation between parallel gap waveguides. 

Another technology that is widely used in millimetre and submillimetre wave bands is the 

leaky wave antenna. Leaky wave antennas are becoming increasingly interesting in the scientific 

community because they do not require a power distribution network, achieve reasonable 

directivity, high bandwidth, reduced size and low losses [161]. These properties make them a 

great candidate for antenna systems in millimetre-wave bands. Recent works proposed the design 

of leaky wave antennas based on gap waveguide [72]. The main property of a leaky wave antenna 

is its ability to change the direction of the main beam by varying the frequency. This is very useful 

in applications that require a quick sweep of the steering angle. In the section 7.3, a leaky wave 
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antenna whose angular sweeping capacity is increased by applying glide symmetry is analysed, 

designed and measured for automotive radar applications in the 77 GHz band. 

7.2 Space Reduction Between Parallel Gap Waveguides with Stacked 

Glide-Symmetric Metal Sheets 

In this section, based on the results obtained in [160], a similar structure is proposed with 

the objective of minimizing the size of the unit cell and reducing the space separation between 

parallel multi-layer waveguides (MLW). In this structure, the cell geometry of the proposed glide-

symmetric unit cell is characterized by replacing the previous circular holes with cigar-shaped 

holes. In this way, we can reduce the space between the parallel waveguides, maximizing the use 

of space and integration capacity. 

Figure 7-1(a) shows the holey gap waveguide proposed in [58]-[60] based in two metal 

parts with blind holes arranged in a glide symmetric configuration. The multi-layer waveguide 

proposed in [160] consist of five metal layers 0.2 mm thick with circular holes for working at D-

band, as illustrated in Figure 7-1(b). In this section, several prototypes with different unit cells are 

proposed. First, we design a unit cell with circular holes similar to the design in Figure 7-1(b), 

optimized to maximize the bandwidth of the stop-band in W-band. This first unit cell is taken as 

a reference in size and field blocking capacity. The new unit cells with cigar-shaped holes 

proposed in this section will be compared with this first circular holey unit cell in terms of space 

reduction between parallel gap waveguides and field coupling between them.  

 
(a)       (b) 

Figure 7-1: Glide-symmetric holey versions of gap waveguide in the literature. (a) Two metal pieces with 

blind circular holes [58]-[60] and (b) a multilayer waveguide with thru circular holes [160]. 

7.2.1 Circular Holes Versus Cigar-Shaped Holes 

The reference unit cell with circular holes consists of four stacked metal layers 0.6 mm 

thick, separated with small gaps. The adjusted parameters of this periodic structure are depicted 

in the structure in Figure 7-2(a) with the following values: thickness of the metal layer h = 0.6 

mm, air gap between layers g = 0.01 mm, holes diameter D = 1.4 mm and periodicity between 

unit cells p = 1.755 mm. Figure 7-2(b) shows the geometry of the unit cell proposed in this work 

with cigar-shaped holes instead of circular holes. Using this configuration, it is possible to reduce 

the space occupied by each unit cell in one direction. The parameters of these periodic structures 

have been optimized to obtain the maximum bandwidth and the maximum transmission at the 

centre of the W band for a fair comparison. The obtained parameters are thickness of the metal 

sheets h = 0.6 mm, air gap between layers g = 0.01 mm, semi-major axis RA = 1.6 mm, semi-
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minor axis RB = 0.54 mm, and a periodicity between unit cells Px = 2.48 mm in x direction, and 

Py = 0.925 mm in y direction. 

  
       (a)              (b) 

Figure 7-2: (a) Unit cell with glide-symmetric circular holes and (b) unit cell with glide-symmetric cigar-

shaped holes. View in perspective, diagonal cut and top views of one layer and the corresponding glide-

symmetric layer. 

The two structures in Figure 7-2 have a stop-band that is enhanced due to the glide 

symmetry. In our proposed unit cell with cigar-shaped holes, the space occupied in the x direction 

is smaller. To carry out the analysis of the dispersion diagrams, it is necessary to take into account 

that the irreducible Brillouin zone needs four sections for the cigar-shaped holey unit cell, instead 

of the three sections necessary in the circular holey unit cell. The obtained stop-band with the 

implemented dimensions goes from 70.12 to 160.8 GHz in the case of circular holes (Figure 

7-3(a)), while, with cigar-shaped holes (Figure 7-3(b)), we obtained a stop-band that goes from 

74.82 to 152.9 GHz. The optimized dimensions obtained for both unit cells are used for the rest 

of prototypes designed in this section.  

   
 (a)        (b) 

Figure 7-3: Dispersion diagram of the unit cells with glide-symmetric circular holes (a) and cigar-shaped 

holes (b). The irreducible Brillouin zone of each unit cell is included in the graphs. 
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In order to study the performance in S-parameters of the glide-symmetric holes, an 

approximately 50 mm length straight waveguide is considered. The dimensions of the waveguide 

correspond to WR-10 (2.54 mm x 1.27 mm) for the W band (75-110 GHz). To carry out this 

analysis, different MLW structures are considered: glide-symmetric structure with circular holes, 

glide-symmetric structure with cigar-shaped holes, and a waveguide without EBG.  

The prototype of the MLW transmission line proposed in [160] uses two rows of periodic 

cylindrical holes in glide-symmetric configuration. In this section, we evaluate the behaviour of 

MLW transmission lines using one and two rows of circular and cigar-shaped holes. The 

possibility of using a single row is important if the available space is critical. The waveguides 

with one row of holes were designed as illustrated in Figure 7-4(a, c), and the waveguides with 

two rows as illustrated in (Figure 7-4(b, d)). A top view of the inner structures of the layers for 

the sections with one row are shown in detail in Figure 7-5 (circular case) and Figure 7-6 (cigar-

shaped case). As can be seen in the pictures of the preliminary designs, both the circular holes 

and the cigar-shaped holes are oriented in such a way that the diagonal of the unit cell is parallel 

to the waveguide. This ensures that the holes in each row are separated the same distance from 

the waveguide in all layers. Since the circular holes are rotationally symmetrical, this orientation 

goes unnoticed. However, in the case of cigar-shaped holes, this alignment with the diagonal can 

be clearly seen. Due to the new orientation, the effective diameter of the cigar-shaped holes is 

Deff=0.91 mm instead of DB=0.54 mm. The separation between the holes and the inner edge of the 

waveguide must ensure the manufacturability of the pieces. For that purpose, the separation is 

limited to a maximum of 0.2 mm. To avoid modes propagating within this metal separation, 

periodic corrugations have been added to the designs. 

 
(a)                   (b)      (c)     (d) 

Figure 7-4: MLW transmission line. One (a) and two (b) rows of circular holes; one (c) and two (d) rows 

of cigar-shaped holes. 

 
            (a)              (b) 

Figure 7-5: Top view of two glide-symmetric layers of the MLW transmission line with circular holes. 

External layer (a) and internal layer (b). 

 
            (a)              (b) 

Figure 7-6: Top view of two glide-symmetric layers of the MLW transmission line with cigar-shaped holes. 

External layer (a) and internal layer (b). 
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The S-parameters of the four structures illustrated in Figure 7-4 are compared in Figure 

7-7. As a reference, we include the result of the same MLW without any hole for EBG but 

conserving the 0.01 mm gap between layers. The S21 parameters of the waveguides with two rows 

are higher than with one row, however all the results are above -0.5 in almost the full W band. 

The loss for two rows of circular holes is between 0.2 dB and 0.3 dB. When only a row is used, 

the losses are between 0.3 dB and 0.45 dB. For the design with cigar-shaped holes, the losses are 

between 0.25 dB and 0.4 dB for two rows of holes and between 0.35 dB and 0.75 dB when only 

one row is used. Compared to the case without holes, where the transmission losses are between 

5 and 10 dB due to field leakage, the utility of these periodic structures is proven. Slightly worse 

behaviour is observed in structures with elliptical holes than with circular ones, but they offer a 

size reduction of the hole in the perpendicular direction to the waveguide by a factor of 

Deff/D=0.65. For a better comparison of the results obtained with the holey glide-symmetric 

MLWs, the results are zoomed in Figure 7-7(b).  

  
               (a)               (b) 

Figure 7-7: (a) Simulated transmission parameter of the MLW for each glide-symmetric configuration and 

the case of no holes. (b) Zoom on the transmission parameter of the MLW for each glide-symmetric 

configuration. 

 

Since the waveguides using this technology are not completely shielded, we study here the 

crosstalk characteristic between parallel waveguides sharing a common structure. The crosstalk 

is analysed in terms of mutual coupling of three adjacent waveguides. We compare the mutual 

coupling between waveguides with circular and cigar-shaped glide-symmetric holey structures 

with one and two rows. In addition, we compare these results with an MLW transmission line 

without holes. The distance between centres of the waveguides is 4.34 mm in the case of one row 

of circular holes, Figure 7-8(a), while the distance is 3.85 mm for the MLW with one row of cigar-

shaped holes in Figure 7-8(b). Figure 7-8(c) corresponds to the MLW with fully metal sheets 

without holes, with a separation between centres of 3.85 mm, as in the case of cigar-shaped holes. 

Without these glide-symmetric holes, the field cannot be confined inside the waveguide, and the 

mutual coupling obtained between the three waveguides is quite high. Using the glide-symmetric 

configuration, with circular or cigar-shaped holes, the field is confined. However, the coupling 

between guides is still considerable for one row of holes, although it may be enough for some 

applications.  
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(a)    (b) 

 
(c) 

Figure 7-8: Mutual coupling between waveguides with a glide-symmetric holey structure with (a) one row 

of circular holes and (b) one row of cigar-shaped holes. (c) MLW transmission line without holes. All the 

fields are evaluated at 92.5 GHz. 

 

The same design of the waveguides was carried out using two rows of holes as illustrated 

in Figure 7-9. We found that the optimum parameters of the unit cells may vary depending on the 

number of rows of holes we use when there are several parallel waveguides. The size of the unit 

cells for maximum transmission and minimum coupling decreases when two rows of holes are 

used. The parameters used with two rows of holes are as follow: R=1.2 mm and p=1.6 mm for 

circular holes and DA = 1.5 mm, DB = 0.51 mm, Px = 2.325 mm, and Py = 0.867 mm for cigar-

shaped holes. The distance between centres of the waveguides is 5.27 mm in the case of circular 

holes (Figure 7-9(a)) and 4.61 mm with the cigar-shaped holes (Figure 7-9(b)). Again, the MLW 

design without holes, Figure 7-9(c), preserves the separation between waveguides existing in the 

model with elliptical holes in Figure 7-9(b). When using two rows of glide-symmetric holes, the 

fields are satisfactory confined, and the coupling between the three waveguides is low at 92.5 

GHz. The case in Figure 7-9(c) without holes presents a high coupling between waveguides.  

 

 
(a) (b) 

 

(c) 

Figure 7-9: Mutual coupling between waveguides with a glide-symmetric holey structure with (a) two rows 

of circular holes and (b) two rows of cigar-shaped holes. (c) MLW transmission line without holes. All the 

fields are evaluated at 92.5 GHz. 
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Figure 7-10 shows the frequency response of the structures in Figure 7-8(a-c) and Figure 

7-9(a-b) in terms of transmission losses. The simulations consider the conductivity of the copper 

σ=5.8·107 S/m and a fine meshing of at least 3 mesh cells of the gaps between layers. Figure 7-11 

represents the coupling between the central and the adjacent waveguide. Configurations with two 

rows of holes have an excellent behaviour in the whole band, with losses between 0.2 dB and 0.4 

dB for circular and cigar-shaped holes. The coupling is below -22 dB for the cigar-shaped case 

and below -29 dB for the circular case. These values of coupling occur at the beginning of the W-

band (75 GHz), but the coupling decreases for higher frequencies up to -49 dB and -55 dB, 

respectively. Configurations with a row of holes have a worse performance, especially the design 

with elliptical holes. In this case, the losses are below 1 dB in the band form 83 GHz to 119 GHz, 

while the result for circular holes is below 1 dB in the whole band. The coupling between 

waveguides starts with a value of -10 dB and -15 dB at 75 GHz for the cigars-shaped and circular 

holes, respectively. Again, these values of coupling drop in frequency up to -28 dB and -30 dB 

respectively. Regarding the configuration with no holes, it has a poor response as expected. The 

losses are between 2.5 dB and 11 dB with a coupling from -5 dB to -9 dB. 

  
               (a)               (b) 

Figure 7-10: (a) Transmission coefficient of designs in Figure 7-8(a-c) and Figure 7-9(a-b). (b) Zoom of 

the transmission for the glide-symmetric holey structures. 

 

 
Figure 7-11: Coupling between the central waveguide and the adjacent one of designs in Figure 7-8(a-c) 

and Figure 7-9(a-b). 
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7.2.2 Cigar-Shaped Glide-Symmetric Unit Cell for Minimum Separation 

Although a significant reduction in the space between parallel waveguides has been 

achieved, it may not be enough for some applications. For example, the design of slot arrays in 

parallel waveguides or with a corporate network requires a separation as close as possible to a 

wavelength in free space. Thus, with cavity coupling in a corporate network or with a zigzag 

arrangement of slots in parallel waveguides it is possible to achieve separations between radiating 

elements smaller than the wavelength. The goal of this is to reduce the grating lobes of the 

resulting radiation pattern. 

The unit cell proposed to minimize the separation between waveguides is depicted in Figure 

7-12. The operation of this unit cell is different from those presented in section 7.2.1, as it is only 

periodic in one direction. This unit cell also consists of four glide-symmetric metal sheets of 

thickness h=0.6 mm with an air gap between them g=0.01 mm. The glide symmetry is achieved 

with cigar-shaped holes of length A=2.4 mm and width B=0.25 mm alternated with three 

rectangular notches of depth Lcorr=0.5 mm and width Wcorr=0.36 mm. The separation between 

the inner edge of the notches and the holes with the outer edge of the metallic wall is sep=0.2 mm. 

The notches avoid the propagation of modes in this 0.2 mm metal edge. The four metal sheets 

stacked in Figure 7-12(a) form a wall with a total width W=0.65 mm and a periodicity p=4.29 

mm. The glide symmetry of the sheets in Figure 7-12(b) and Figure 7-12(c) can be seen. The 

parameters limiting the minimum wall thickness are the width of the hole B and the metal 

separation with the outer edge sep. These values are only limited by manufacturing constraints 

but can ideally be made smaller without losing the blocking property of electromagnetic fields. 

 
    (a) 

 Figure 7-12: Glide-symmetric unit cell for minimum separation between waveguides. (a) Perspective view 

with the four stacked layers, (b) top view of one of the layers and (c) top view of a glide-symmetric layer 

with respect to (b). 

The analysis of this unit cell has been carried out by defining periodic conditions in the 

long dimension only. In the short dimension, magnetic boundaries have been defined, since the 

modes that can propagate in the air gaps between layers will see an open circuit at the outer edge 

of the wall. The dispersion diagram calculated for this structure is shown in Figure 7-13(a), next 

to the unit cell with the boundary conditions in Figure 7-13(b). Since the structure is periodic only 

in one direction, the dispersion diagram only needs the first section for βp/π from 0 to 1. The 

dispersion diagram defines a stop-band between 61.8 GHz and 120.1 GHz. As will be shown 

later, this stop-band will not have the same effect on blocking the field as those of the periodic 

h 

g 

W 

p 

(c) 

B 

Lcorr 

Wcorr 

A 

sep 

(b) 



Advances in Periodic Structures and Manufacturing Technologies for mm-Wave Antennas  

 

 
  217  

 

 

unit cells in two dimensions. This stop-band does not ensure that there is no field leakage through 

the short side of the wall, but may be sufficient for some applications. 

      
  (a)     (b) 

Figure 7-13: (a) Dispersion diagram of the glide-symmetric structure in (b) for minimum wall width. 

 

To test the operation of this new unit, the transmission result for a single waveguide section 

of approximately 50 mm length is compared with similar waveguide sections with a row of 

circular and cigar-shaped holes, already presented in Figure 7-7. The designs being compared are 

illustrated in Figure 7-14. The results obtained are depicted in Figure 7-15. The parameter S21 is 

worse with this new narrow unit cell, although it is above -1 dB practically in the whole W-band, 

from 77 GHz to 109.5 GHz. This result is of great value, since the size of the structure has been 

drastically reduced to block field leakage and losses remain acceptably low. 

A further comparison with three parallel waveguide sections has been carried out, to verify 

the coupling behaviour between waveguides. The results with the narrow wall are compared with 

the simulations shown in Figure 7-10 and Figure 7-11. In Figure 7-16, the transmission behaviour 

is very similar to that obtained with a single row of cigar-shaped holes. The transmission with the 

narrow unit cell is better than -1 dB from 81.5 GHz to 108 GHz. However, the coupling response 

between waveguides is very different from that obtained with two-dimensional periodic unit cells. 

Comparing the result of the waveguides separated by the narrow structure with those separated 

by a single row of cigar-shaped holes, it is observed that the coupling worsens between 5 and 12 

dB in the low and high part of the band, but it is better in the central zone. The coupling between 

waveguides is lower between 82 GHz and 95.5 GHz up to values lower than -30 dB. This is an 

improvement in a fractional band of more than 15%. In any case, coupling is below -17 dB from 

83.5 GHz to 110 GHz.  

 
Figure 7-14: Multilayer waveguide sections with an approximate length of 50 mm. (a) One row of circular 

holes, (b) one row of cigar-shaped holes and (c) the new narrow unit cell with cigar-shaped holes. 
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Periodic 
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Figure 7-15: Transmission parameters for a single waveguide with one row of glide-symmetric circular and 

cigar-shaped holes and the new narrow glide-symmetric structure with cigar-shaped holes. 
 

   
      (a)          (b) 

Figure 7-16: (a) Transmission and (b) coupling in three parallel waveguides with one row of circular and 

cigar-shaped holes and the new narrow glide-symmetric structure with cigar-shaped holes. 
 

In Figure 7-17, the electric field at 92.5 GHz is illustrated for the three structures that are 

compared in Figure 7-16. As the representation is given in the central zone of the band, it is 

observed that the coupling between waveguides using the new narrow structure is much less than 

using a single row of circular or cigar-shaped holes. In addition, the large reduction in space 

between the waveguides can be clearly noticed. 
 

  
(a)     (b) 

 
(c) 

Figure 7-17: E-field representation at 92.5 GHz for three parallel waveguides with one row of circular (a) 

and cigar-shaped (b) holes and the new narrow glide-symmetric structure with cigar-shaped holes (c). 
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7.2.3 Final Prototypes and Measurements 

In this section, images of the manufactured prototypes are displayed, together with their S-

parameter measurements. A total of six different prototypes have been designed and manufactured 

for validation. The six prototypes consist of four metal layers 0.6 mm thick with two parallel 

waveguides separated by six different structures: two rows of circular holes, two rows of cigar-

shaped holes, one row of circular holes, one row of cigar-shaped holes, the narrow glide-

symmetric wall and a uniform metal wall without holes of the same thickness as the narrow glide-

symmetric wall. These parallel waveguide sections are approximately 50 mm long. The metal 

layers are made of steel to ensure a high hardness and stiffness for laser cutting and they are 

copper plated to enhance the conductivity. The excitation of these sections is done with right-

angled bends joined to transitions to WR-10 for connecting four WR-10 flanges perpendicular to 

the prototypes. Both bends and transitions to WR-10 have been implemented with two rows of 

circular glide-symmetric holes to ensure maximum isolation in the areas outside the parallel 

waveguides. All six prototypes use these same input structures with bends and transitions to 

ensure that these areas do not produce different losses and leakage in different prototypes for a 

fair comparison of the parallel sections. A photograph of the six assembled prototypes is shown 

in Figure 7-18(a), together with a detailed photograph of the four layers stacked together using 

screws in Figure 7-18(b). Figure 7-19 presents a photograph of each of the layers that form the 

transition to WR-10. The shapes, holes and cuts of the design have as objectives the matching of 

the prototype to the WR-10 flange, the elimination of spurious resonances in the gap between 

metallic parts of the four layers and the minimization of field leakage. All the layers include three 

holes for the flange screws and four alignment holes. 

 
                     (a)          (b) 

Figure 7-18: Assembled prototypes with six different configurations (a) and detailed view of the stacked 

layers with a screw (b). 

 

    
    (a)       (b)         (c)        (d) 

Figure 7-19: Detail of the transition to WR-10 flanges. Top first layer (a), second layer (b), third layer (c) 

and bottom fourth layer (d). 
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All the prototypes shown below have a configuration of two rows of circular glide-

symmetric holes in all external areas, i.e. at the transitions to WR-10, at the right-angled bends 

and on the external sides of the parallel waveguides. The only structure that changes is the central 

wall and the distance between waveguides. The unit cell of the two rows of circular holes used in 

the external areas has the following parameters set: hole diameter D=1.4 mm and periodicity 

p=1.755 mm. In the prototype of Figure 7-20, the central wall is formed by two rows of circular 

glide-symmetric holes. These holes have been optimized for better operation in W-band. The 

dimensions are D=1.2 mm and p=1.6 mm. The width of the central wall is 2.75 mm. 

In measurements and simulation, only the results of parameters S11, S21, S31 and S41 are 

represented for clarity. The reflection coefficient is represented by the parameter S11, the coupling 

coefficient between opposite ports of the two waveguides corresponds to the parameter S21, the 

transmission coefficient is given by the parameter S31 and the coupling between diagonal ports of 

the two waveguides is the parameter S41. The rest of the S parameters are estimated to be very 

similar to the previous ones due to the symmetry of the prototypes. In Figure 7-21, the 

measurements of the S-parameters of the prototype in Figure 7-20 are compared with the 

simulated results. There is a high coincidence between measurements and simulations, with a 

measured S11 level below -15 dB in the whole band, a S21 below -40 dB, a S31 above -1.5 dB 

between 78 GHz and 110 GHz (34% bandwidth) and a S41 below -30 dB between 75 GHz and 

110 GHz and below -40 dB for frequencies above 90 GHz. 

     
(a)             (b) 

Figure 7-20: Manufactured prototype with two rows of circular holes. (a) The four layers with port 

numbering and (b) detailed view of the central wall. 

     
            (a)            (b) 

Figure 7-21: (a) Measured and simulated S-parameters for the prototype with two rows of circular holes. 

(b) Zoom of S31 with measurement and simulations in copper and PEC.  
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In the prototype of Figure 7-22, the central wall is formed only by one row of circular glide-

symmetric holes. The dimensions of the associate unit cell are D=1.4 mm and p=1.755 mm. The 

width of the central wall is 1.8 mm, 65% of the width with two rows of circular holes. In Figure 

7-23, the measurements of the S-parameters of the prototype in Figure 7-22 are compared with 

the simulated results. There is also a high coincidence between measurements and simulations. 

The measured S11 level is below -12.5 dB between 75 GHz and 106.5 GHz. The S21 is below -30 

dB in the whole band and below -40 dB for frequencies above 80.5 GHz. The S31 parameter is 

above -1.5 dB between 83 GHz and 110 GHz (28% bandwidth) and the S41 below -20 dB between 

75 GHz and 110 GHz and below -30 dB for frequencies above 90 GHz. The results are slightly 

worse than in the case with two rows of circular holes, as expected, but they are acceptable.  
 

     
(a)              (b) 

Figure 7-22: Manufactured prototype with one row of circular holes. (a) The four layers with port 

numbering and (b) detailed view of the central wall. 

 

      
(a)       (b) 

Figure 7-23: (a) Measured and simulated S-parameters for the prototype with one row of circular holes. (b) 

Zoom of S31 with measurement and simulations in copper and PEC. 

 

In the prototype of Figure 7-24, the central wall is formed by two rows of cigar-shaped 

glide-symmetric holes. The dimensions of the associate unit cell are DA=1.5 mm, DB=1.51 mm 

px=2.325 mm and py=0.867 mm. The width of the central wall is 2.09 mm, the 76% of the width 

with two rows of circular holes. In Figure 7-25, the measurements of the S-parameters of the 

prototype in Figure 7-24 are compared with the simulated results. Measurements and simulations 

fit well, but there is a drop of the transmission coefficient below 85 GHz. The value of S31 is 

above -1.5 dB from 87.5 GHz to 108.5 GHz, a bandwidth of 21.4%. The measured S11 level is 
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below -15 dB, the S21 is below -40 dB and the S41 below -35 dB in that band. Compared to the 

results with two rows of circular holes, the band with a transmission greater than -1.5 dB has been 

reduced by a factor of 0.63 at the expense of the 76% width reduction of the central wall. 

Nevertheless, this good performance occurs in a band of more than 20 GHz with coupling values 

to the parallel waveguide below -35 dB. Furthermore, the coupling is also around 7 dB lower that 

for the prototype with one row of circular holes. 

 

     
(a)               (b) 

Figure 7-24: Manufactured prototype with two rows of cigar-shaped holes. (a) The four layers with port 

numbering and (b) detailed view of the central wall. 

 

     
(a)            (b) 

Figure 7-25: (a) Measured and simulated S-parameters for the prototype with two rows of cigar-shaped 

holes. (b) Zoom of S31 with measurement and simulations in copper and PEC. 

 

In the prototype of Figure 7-26, the central wall is formed by one row of cigar-shaped glide-

symmetric holes. The dimensions of the associate unit cell are DA=1.6 mm, DB=1.54 mm px=2.48 

mm and py=0.925 mm. The width of the central wall is 1.31 mm, the 73% of the width with one 

row of circular holes and 48% of the width with two circular holes. In Figure 7-27, the 

measurements of the S-parameters of the prototype in Figure 7-26 are compared with the 

simulated results. Measurements and simulations fit well. The value of S31 is above -1.5 dB from 

85.5 GHz to 108.1 GHz, a bandwidth of 23.3%. The measured S11 level is below -15 dB, the S21 

is below -33 dB and the S41 below -20 dB in that band. In this case, the bandwidth with a 

transmission above -1.5 dB drop by a factor of 0.69 compared to the prototype with two rows of 
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circular holes at the expense of the 48% width reduction of the central wall. This result is even 

better than for the prototype with two rows of cigar-shaped holes, although the coupling is higher. 

 

     
(a)               (b) 

Figure 7-26: Manufactured prototype with one row of cigar-shaped holes. (a) The four layers with port 

numbering and (b) detailed view of the central wall. 

 

     
(a)             (b) 

Figure 7-27: (a) Measured and simulated S-parameters for the prototype with one row of cigar-shaped holes. 

(b) Zoom of S31 with measurement and simulations in copper and PEC. 

 

The last prototype with symmetric glide holes is based on the narrow unit cell with cigar-

shaped holes presented in section 7.2.2. First, a design similar to the final prototypes of this 

section has been simulated with the narrow central wall corresponding to the unit cell in Figure 

7-12. In the results of the simulated S parameters, shown in Figure 7-28(a), a peak of reflection 

(S11) at 92.01 GHz is observed, which coincides with the union of the backward and forward TE10 

modes at βp/π=0 in the dispersion diagram of Figure 7-28 (b). This effect is also observed in the 

increase of coupling (S21 and S41) and the decrease of transmission (S31) at that frequency. The 

unit cell used for calculating this dispersion diagram uses the unit cell for the central wall and an 

extension of the top and bottom metal plates by half the width of the WR-10 in each side. The 

boundary condition remains periodic in the direction parallel to the central wall and a magnetic 

condition (Ht=0) is used in the boundaries at the halved waveguides. With this modification we 

simulate the dispersion diagram of two parallel waveguides separated by the narrow wall with 

cigar-shaped holes.  
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(a)      (b) 

Figure 7-28: (a) Simulated S-parameters for the prototype with parallel waveguides separated by the narrow 

glide-symmetric wall in Figure 7-12. (b) Dispersion diagram of two parallel waveguides separated by the 

same narrow wall. 

 

To solve this problem, we implemented a progressive variation of the unit cell parameters 

along the parallel waveguides. The aim of this is to progressively modify the joint frequency of 

the forward and backward TE10 modes to distribute in frequency that unwanted effect. To move 

this point in frequency it is necessary to modify the length of the unit cells. If the unit cell is 

longer, the junction point decreases in frequency, and if the unit cell is shorter, the junction point 

increases in frequency. Figure 7-29 illustrates the unit cells proposed to conduct the progressive 

variation. Figure 7-29(a) is the original cell with an intermediate length. Figure 7-29(b) and Figure 

7-29(c) have a length corresponding to 111% and 73% of the original length, respectively.  

 
 (a)    (b)    (c) 

Figure 7-29: Unit cells with narrow glide-symmetric cigar-shaped holes integrated between parallel 

waveguides WR-10. (a) Original unit cell with intermediate length, (b) long unit cell and (c) short unit cell. 

All the parameter values are in millimetres. 

 

The final design consists of a linear variation of the parameters from the long unit cell 

(Figure 7-29(b)) to the short unit cell (Figure 7-29(c)) over a length of 50 mm. Figure 7-30 

represents the obtained S-parameters and the dispersion diagram of the short and long unit cells. 

In the dispersion diagram of Figure 7-30(b), the junction point of the modes is given at 86.67 GHz 
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for the long unit cell and at 112.6 GHz for the short unit cell. Increasing the length to further 

reduce the lower frequency is a risk, as it has been found that unwanted modes are quickly pushed 

into the working band. Figure 7-30(a) shows the S-parameters of several prototypes with 

progressive variation. The parameter t indicated in the legend denotes the scaling factor of the 

unit cells in Figure 7-29(b) and Figure 7-29(c) used in the design. With the original cells (t=1), 

the desired operation is observed and the reflection and coupling peaks found in Figure 7-28(a) 

disappear. However, bandwidth is decreased in the lower frequencies. To correct this, a scaling 

factor of t=1.05 and t=1.1 has been introduced to check whether increasing the size in the direction 

of propagation improved the response at low frequencies. In Figure 7-30(a), this scaling factor 

allows for a downward shift in frequency of up to 5 GHz. The value of t chosen for the 

manufacturing of the prototype is t=1.05, since it offers better response of the transmission 

parameter S31, reduces coupling in a larger band and the reflection is lower with respect to t=1.1. 

 

 
(a)      (b) 

Figure 7-30: (a) Simulated S-parameters of the parallel waveguide with narrow glide-symmetric wall with 

progressive linear variation for different scaling factors t. (b) Dispersion diagram of the long and short unit 

cells in Figure 7-29(b) and Figure 7-29(c), respectively. 

 

The manufactured prototype is shown in Figure 7-31. The central wall is formed by narrow 

cigar-shaped glide-symmetric holes with progressive linear variation. This progressive variation 

can be clearly seen in Figure 7-31(c), where the first unit cell starts with the long configuration 

and the structure changes linearly until the last short unit cell. The width of the central wall is 

0.65 mm, the 36% of the width with one row of circular holes and 24% of the width with two 

circular holes. In Figure 7-32, the measurements of the S-parameters of the prototype in Figure 

7-31 are compared with the simulated results. In this case, there is a significant deviation in the 

transmission parameter S31 between measurement and simulation. In simulation, the S31 parameter 

is above -2 dB between 77.5 GHz to 110 GHz. In measurement, the S31 parameter takes values 

above -2 dB in a band from 94.1 GHz to 105 GHz, a bandwidth of 10.9%. This means a reduction 

in bandwidth to almost a third of what was expected in the simulation. However, the coupling 

coefficients in simulation are below -20 dB in a band between 87 GHz and 107 GHz, so the real 

simulated bandwidth for a good behaviour is around 20%. In measurement, the coupling levels 

are acceptable, below -19 dB between 94.1 GHz to 105 GHz. The measured S11 level is below -

15 dB in that band. The measured bandwidth drops by a factor of 0.32 compared to the prototype 

with two rows of circular holes at the expense of the 24% width reduction of the central wall. This 

bandwidth is enough for multiple applications based on slot arrays, which are typically narrow 

band, but with the advantage of reducing the separation between waveguides by a factor of 0.24. 

Progressive 
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(a)               (b) 

 
(c) 

Figure 7-31: Manufactured prototype with narrow cigar-shaped holes. (a) The four layers with port 

numbering, (b) detailed view of the central wall and (c) view of the progressive variation of the unit cell in 

the central wall. 

 

     
(a)      (b) 

Figure 7-32: (a) Measured and simulated S-parameters for the prototype with narrow cigar-shaped holes. 

(b) Zoom of S31 with measurement and simulations in copper and PEC and with the original non-

progressive design. 

 

The latest prototype manufactured uses a wall between parallel waveguides without holes 

or notches, with a width of 0.65 mm, equal to that of the prototype in Figure 7-31. The result of 

this prototype allows a fair comparison and shows that the effect of glide-symmetric holes in any 

of the configurations presented in this section is necessary for the proper functioning of these 

multi-layered waveguides. The manufactured prototype is shown in Figure 7-33. The simulated 

and measured S parameters are shown in Figure 7-34. The trend of all parameters coincides 

between simulation and measurement. However, the levels obtained differ slightly. The measured 

reflection amounts to -10 dB in some points, 15 dB more than in simulation, although it remains 

at -15 dB on average. This difference is also observed in the S21 coupling, with an average 

measured level of -20 dB with peaks up to -15 dB. The big problem appears in the transmission 

and diagonal coupling. The measured transmission parameter S31 takes values from about -6 dB 
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to -2 dB, 1 to 2 dB below the simulation. The measured values for the parameter S41 are between 

-6 dB and -9 dB, about 1 dB below the expected. The difference between transmission and 

coupling remains between 3 dB and 7 dB both in measurement and in simulation. These values 

are unacceptable for most applications. It is worth noting that, unlike the designs with glide-

symmetric holes, the parameter S31 in the PEC simulation represented in Figure 7-34(b) presents 

a multitude of spikes due to the resonance of different modes through the gap between parallel 

waveguides. These spikes are attenuated in the simulation with copper because the losses of the 

metal limit their appearance. 

 

     
(a)                (b) 

Figure 7-33: Manufactured prototype without holes. (a) The four layers with port numbering and (b) 

detailed view of the central wall. 

 

     
(a)      (b) 

Figure 7-34: (a) Measured and simulated S-parameters for the prototype without holes. (b) Zoom of S31 

with measurement and simulations in copper and PEC. 

 

As a final summary of the results obtained, the most relevant data of the measured 

prototypes are included in Table 7-I. With the last proposed structure based on cigar-shaped holes 

distributed in a narrow wall, the separation between parallel waveguides is reduced to below one 

wavelength at the W-band central frequency. With this result it is ensured that the radiating 

elements can be distributed with separations around 0.8λ, maintaining an operating band of 10%. 

As an example, Figure 7-35 shows the radiation diagrams for several waveguide slot arrays with 

four parallel waveguides using 12x4 radiating elements at 92.5 GHz. The waveguides have a 

width of 2.05 mm instead of 2.54 mm to further reduce the separation between radiating elements. 
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The radiation diagrams show the level of the grating lobes for each wall width indicated in Table 

7-I. The maximum of the grating lobes decreases with the reduction of the wall width and the 

angular distance with respect to broadside increases. Gratin lobes almost disappear for a wall 

width of 0.65 mm, corresponding to the narrow cigar-shaped holes. For applications that require 

more bandwidth or more coupling restrictions, proposals with one or two rows of circular or cigar-

shaped holes can be used.  

 

 
Figure 7-35: Radiation diagrams of 12x4 slot arrays for 2.05 mm wide waveguides with the wall widths 

indicated in Table 7-I. 

7.2.4 Conclusion 

In this section, we present a new unit cell configuration of an electromagnetic bandgap 

(EBG) structure using glide-symmetric holes in parallel MLW. This solution compares the 

structure with circular holes proposed in [160] using cigar-shaped holes to reduce the size of the 

glide-symmetric unit cell and the space separation between the parallel multilayer waveguides. A 

complete analysis of the new structure has been carried out, including a comparison with the 

circular holes. The measured results demonstrate that it is possible to reduce the wall between 

parallel waveguides to 0.65 mm or less at W-band, keeping a good behaviour in a 10% bandwidth. 

This means a separation between parallel waveguides of less than a wavelength, which is 

important for avoiding grating lobes. The coupling between waveguides with this solution is 

around -20 dB, which may be low for some applications. In the case in which more bandwidth or 

less coupling is needed, options with one or two rows of holes with circular of cigar-shaped forms 

can be used if the requirement of space separation is not critical. We can conclude that for each 

specific design, one must find a trade-off between number of rows and type of hole (circular or 

cigar-shaped) depending on the available separation between adjacent waveguides and the 

maximum acceptable coupling between them. 

 

TABLE 7-I: COMPARISON OF THE MEASURED RESULTS 
 

Structure S11 (dB) S21 (dB) S31 (dB) S41 (dB) % Bandwidth Wall width WR-10 separation/wavelength (92.5 GHz)1 

2 circular -15 to -20 -40 to -60 -0.6 to -1.5 -30 to -50 34 2.75 mm 1.63 

1 circular -12.5 to -16 -40 to -50 -0.8 to -1.5 -25 to -40 28 1.8 mm 1.34 

2 cigar -15 to -25 -40 to -55 -0.8 to -1.5 -35 to -45 21.4 2.09 mm 1.43 

1 cigar -15 to -20 -33 to -55 -0.8 to -1.5 -20 to -30 23.3 1.31 mm 1.19 

Narrow cigar -15 to -20 -20 to -40 -1.6 to -2 -19 to -25 10.9 0.65 mm 0.98 

No holes -10 to -15 -15 to -20 -2 to -5 -6 to -9 28.6 0.65 mm 0.98 

1 Ratio between the distance between centers of the parallel waveguides and the free space wavelength at 92.5 GHz (3.24 mm) 
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7.3 High Scanning Rate Leaky Wave Antenna Based on Glide 

Symmetry for 77 GHz Automotive Radar 

7.3.1   Introduction 

One of the inherent properties of leaky wave antennas is their dispersive nature. This results 

in an angular sweep of the maximum pointing direction as a function of frequency. In some areas 

such as point-to-point communications this is a problem. Recent publications have succeeded in 

reducing dispersion in leaky wave antennas by using a lens that compensates the dispersion [162]-

[164]. The aim is to maintain the same pointing direction throughout the working band. This lens 

was made in multiple ways: using via holes in SIW [162], metallic pins [163] or opposite metallic 

plates with holes with mirror symmetry and glide symmetry [164]. 

For radar applications, the frequency sweep of the main beam is used for direction of arrival 

detection [165][166]. Currently there is a strong development of radar systems for automotive 

applications in the 77 GHz band, to provide collision detection systems. Some works propose 

conformed fixed beam antennas to illuminate Long Range Radar (LRR) and Middle Range Radar 

(MRR) areas with the necessary gain [167][168]. Other proposals are based on reconfigurable or 

switchable beam antennas. This category includes antennas with a movable lens illuminated with 

a microstrip patch array [169] or with a horn [170], as well as antennas with a fixed lens and 

switchable radiating elements [171]. Other proposals with fixed lenses use N feeds positioned in 

an arc around the lens to generate N beams pointing at N different angles [172][173]. Other 

authors replace the lens with a transmit-array illuminated by a slot array implemented in SIW 

[174] or propose a highly complex phased array in microstrip [175]. In the 77 GHz band it has 

also been found a pillbox antenna with leaky wave characteristics for radar application [176]. 

There are other works that use leaky wave antennas for radar applications, implemented in 

metallic wave guide [177] or in dielectric substrate [178]. 

In this context, it is interesting to enhance the dispersive behaviour of leaky wave antennas 

since automotive radar typically work in a narrow band centred at 77 GHz. There are several 

works that propose this type of antennas for other millimetre-wave applications with variable 

beam in frequency [179]-[183]. However, the scanning ratio in prototypes proposed at V [179] 

and W bands [179][177] is low, less than 4º per 1% bandwidth. Other lower frequencies proposals 

at Ka [180], X [181],[182] or even S [183] band present a better scanning ratio, but are 

implemented mostly in PCB technology, so the losses produced in the dielectric reduce the 

radiation efficiency. Its use in W-band would result in a much lower efficiency. 

In this section we propose a leaky wave antenna based on gap waveguide with glide 

symmetric protrusions in its interior periodically arranged in the upper and lower plates. By 

varying the height of the protrusions, it is possible to control the dispersion of the leaky wave 

antenna and greatly improve the scanning rate. Figure 7-36 represents this beam scanning in a 

real scenario. To reduce manufacturing costs, especially when producing periodic metal pins, the 

design is oriented for 3D printing with subsequent copper plating. This allows a highly dispersive 

structure with very low losses. 
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Figure 7-36: Real scenario with the representation of a frequency beam-steering antenna. 

 

This section is organized in five sub-sections. Section 7.3.2 shows the basic properties and 

parameters of the glide-symmetric unit cell and some examples of operation. Section 7.3.3 

presents the design and optimization of the final leaky wave antennas. In section 7.3.5, S-

parameters and radiation diagrams of the full wave simulated prototypes are compared with the 

measurements, contrasting the performance of previous leaky waves antennas with our proposal. 

Finally, in section 7.3.6, conclusions are drawn. 
 

7.3.2   Parameters and Basic Operation of the Unit Cell 

The presented structure consists of two different layers. The lower layer is a metal plate 

with three rows of pins in one side to prevent leakage and one row of pins on the other side where 

the antenna radiates. The glide symmetric protrusions are added between these two sets of pins. 

The periodic unit cell is shown in Figure 7-37 with the parameters used in the design.  

 

 
(a)     (b) 

 
(c) 

Figure 7-37: Unit cell of the proposed structure and parametrization. View in perspective (a), front view 

(b) and top view without the top metal plate (c). 

 

For a fair comparison, we design three different unit cells: the base with periodical pins 

without protrusions, the same base with protrusions 0.35 mm high and an additional base with 

protrusions 0.5 mm high. Subsequently, the unit cells with protrusions are modified so that the 

steering angle curves cross at 75 GHz in the three designs. The values of the parameters used are: 

p=1.2 mm, L1=1.1 mm, L2= 0.9 mm, r1=r2=0.2 mm, Ht=1.3 mm, W=2.49 mm, Wg=1.45 mm, 
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Lg=0.5 mm and d=0 mm. The value d corresponds to the outward (d>0) or inward (d<0) 

displacement of the leaky pin. In Figure 7-38, when Hg increases the modes propagate in a denser 

medium. The curves move down in frequency and at a certain value they cross the line of light. 

This implies that the mode ceases to be a leaky mode since its phase velocity is lower than the 

speed of light. At frequencies below this intersection, the phase velocity is greater than speed of 

light, so radiation can occur. For Hg=0, this crossing does not occur, which greatly limits the 

available pointing angles and requires a large bandwidth. 

 

 
Figure 7-38: Dispersion diagram for the basic unit cell using different values of Hg. 

 

To calculate the angle of maximum radiation, we apply the expression (7-1), where βmode 

is the phase constant of the mode of interest and βlight is the phase constant of the light in free 

space. The results obtained for the modes Hg=0 mm, Hg=0.35 mm and Hg=0.5 mm are 

represented in Figure 7-39. The steering angle curve has a higher slope as the Hg value increases. 

This greatly reduces the bandwidth required for the same range of angles, which is desirable for 

our application. 

𝑆𝑡𝑒𝑒𝑟𝑖𝑛𝑔 𝑎𝑛𝑔𝑙𝑒 (𝑓) = 𝑎𝑠𝑖𝑛 (
𝛽𝑚𝑜𝑑𝑒(𝑓)

𝛽𝑙𝑖𝑔ℎ𝑡(𝑓)
) 

(7-1) 

 
 

 
Figure 7-39: Steering angle versus frequency of the modes of interest for different values of Hg. 
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To design the final leaky wave antennas, the parameters of the unit cells have been adjusted 

to match the same pointing angle at 75.5 GHz. These adjusted unit cells are represented in Figure 

7-40. Unit cell A, with a value of Hg=0 mm has the basic parameters previously indicated. For 

unit cell B, with Hg=0.35 mm, parameter W=2.05 mm has been modified and for unit cell C, with 

Hg=0.5 mm, values Wg=1.05 mm, Lg=0.4 mm and W=1.65 mm have been modified. Figure 7-41 

depicts the steering angle as a function of the frequency for these modified unit cells. It is observed 

that the three curves cross at 75.5 GHz at a value of 22.5º. With this adjustment we can make a 

comparison of the results obtained in overlapping frequency bands within W band. The potential 

for band reduction with these glide symmetric protrusions is clear. With the conventional gap 

waveguide unit cell (Hg=0), a pointing range of 20º to 56º is obtained in the whole W band, while 

with the designs Hg=0.35mm and Hg=0.5mm, ranges of 20º to 70º are obtained in a band from 

75 GHz to 93 GHz and 83 GHz respectively. 
 

 

 
(a)    (b)    (c) 

Figure 7-40: Adjusted unit cells for several values of Hg with a steering angle of 22.5º at 75.5 GHz. (a) 

Unit cell A with Hg = 0 mm, (b) unit cell B with Hg = 0.35 mm and (c) unit cell C with Hg = 0.5 mm. 

 

Figure 7-41: Steering angle versus frequency of the adjusted unit cells in Figure 7-40. 

 

7.3.3   Leaky Wave Antenna Design and Simulations 

As a first step, the design of the complete leaky wave antenna is carried out by 

concatenating 43 unit cells and two matching sections at the beginning and end. This results in a 

leaky wave antenna with an effective length of 50 mm. The design shown in Figure 7-42 

concatenates conventional gap waveguide unit cells (unit cell A). The S-parameters obtained after 

the simulation of the complete antenna are shown in Figure 7-43. As no radiation modulation has 

been applied along the leaky wave antenna, the S21 parameter presents high levels in the superior 

half band with a very pronounced decay around 80-85 GHz. This effect has a direct impact on the 

simulated realized gain in Figure 7-44. For frequencies above 92.5 GHz, the realized gain level 
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is very low and is not represented. In addition, the secondary lobes are elevated, with an SLL 

value above -13 dB. 

 
Figure 7-42: Simulated leaky wave antenna with 43 periodic unit cells A (Figure 7-40(a)). Total length is 

about 50 mm. 

 

 

Figure 7-43: Simulated S-parameters of the untailored leaky wave antenna in Figure 7-42. 

 
Figure 7-44: Simulated realized gain of the untailored leaky wave antenna in Figure 7-42. 

 

To avoid the problems observed in the realized gain levels, amplitude modulation has been 

applied along the leaky wave antenna [164]. This optimization has been carried out only on 

designs with Hg=0 mm and Hg=0.5mm, enough to verify the effect of improvement of the 

scanning ratio. A Taylor modulation has been applied considering that an S21 level of -10 dB is 

desired at the design frequency. The leakage in each unit cell for uniform and Taylor illuminations 

is shown in Figure 7-45. It should be noted that the modulations have been calculated at the central 

frequency of each prototype, i.e. at 92.5 GHz and 79 GHz respectively. 
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Figure 7-45: Amplitude modulation with uniform illumination and Taylor illumination in each unit cell of 

the full antenna for low SLL. 

 

In order to calculate the necessary dimensions of the leaky pin in each unit cell to adjust 

the illumination to the Taylor curve and fix the radiation angle, we have mapped the parameters 

of radius (r2), height (L2) and displacement (d) of the pin. The mapped values range from 0.2 to 

0.35 mm for the radius and from -0.2 mm to 0.2 mm for the lateral movement of the pin in both 

designs. For the conventional design (unit cell A), a sweep of the pin height from 0.6 mm to 0.9 

mm has been done and for the glide design (unit cell C) values from 1 mm to 1.15 mm have been 

analysed. The height steps are 0.05 mm as the design is oriented to additive manufacturing with 

50 μm resin layers. As an example of this mapping and search of the optimal r2, L2 and d values 

in each of the 43 unit cells that compose the antenna, Figure 7-46 includes 2D maps of pointing 

angle error (Figure 7-46(a)) and leakage error (Figure 7-46(b)) for unit cell number 4 with 

L2=0.85 mm. The pointing angle to be achieved is 45º and the leakage level is -2.9639 dB.  In the 

maps for L2=0.85 mm it is clearly observed that there are minimum angle error and leakage error 

curves, the crossing point of both is the optimal value chosen for unit cell number 4. The optimum 

values are r2=0.27 mm, L2=0.85 mm and d=0.06 mm. 

 

   
(a)      (b) 

Figure 7-46: 2D map of (a) the angle error and (b) leakage error for each value of radius r2 and d of the 

leaky pin in a given unit cell of the complete leaky wave antenna in Figure 7-42. The colour maps shown 

correspond to values of L2=0.85 mm for a target angle of 45º and a leakage value -2.9639 dB for the unit 

cell number 4 in Figure 7-45. 
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The final values of the leaky pin parameters are represented in the Figure 7-47 for the 

conventional gap waveguide design (unit cell A) and in the Figure 7-48 for the glide design (unit 

cell C). Figure 7-47(a) and Figure 7-48(a) show the values of radius, height and displacement of 

the pin in the 43 unit cells and Figure 7-47(b) and Figure 7-48(b) show the angle and leakage 

errors committed. The angle error for the conventional design is ±0.5º, while for the glide design 

it is ±0.1º. The leakage error is ±0.05 dB in both cases. It should be noted that due to 

manufacturing limitations in the design, such as the spacing between pins or their diameter and 

the discrete values of the height (each 50 μm) it was not possible to get lower errors. Nevertheless, 

the errors obtained are minimal and will have a negligible effect on the final design. 

 

    
(a)              (b) 

Figure 7-47: Tailored parameters of the 43 leaky pins in the leaky wave antenna with Hg=0 mm (a). Angle 

and leak error for each final unit cell (b). 

  
(a)                 (b) 

Figure 7-48: Tailored parameters of the 43 leaky pins in the leaky wave antenna with Hg=0.5 mm (a). Angle 

and leak error for each final unit cell (b). 

 

The leaky wave antennas with this Taylor illumination have been simulated to compare the 

results with those obtained with the original configuration. The results for the S parameters are 

shown in Figure 7-49. An improvement in the bandwidth and the decrease in the slope of the 

parameter S21 can be seen for both the antenna without glide protrusions (Figure 7-49(a)) and the 

antenna with glide protrusions (Figure 7-49(b)). This indicates that the power radiation is more 

gradual over the whole aperture in a larger band. In addition, antennas with Taylor illumination 

have a value of s21 at the central frequency very close to -10dB, which corresponds to the target 

value for maximizing directivity. Regarding the radiation patterns depicted in Figure 7-50, a large 
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increase in the realized gain and a reduction of the side lobe level (SLL) is observed in both 

designs. Specifically, the realized gain for the non-glide model (Figure 7-50(a)) shows an increase 

from 15.62 dBi to 21.26 dBi and an increase in SLL from 12.45 dB to 22.08 dB. In the glide 

model (Figure 7-50(b)), the realized gain increases from 15.79 dBi to 18.2 dBi and the SLL 

experiences a large increase from 14.36 dB to 23.18 dB. The presence of a strong back radiation 

is noteworthy, and its elimination is addressed in section 7.3.4. The representations in these 

diagrams are given only at the central frequency for clarity. Both gain and SLL degrade as the 

frequency moves away from the central frequency. 

 

   
(a)           (b) 

Figure 7-49: Comparison of the S-parameters of the untailored and tailored (Taylor illumination) leaky 

wave antennas without glide protrusions (a) and with glide protrusions (b). 

   
(a)        (b) 

Figure 7-50: Comparison of the realized gain of the untailored and tailored (Taylor illumination) leaky 

wave antennas without glide protrusions (a)  at 92.5 GHz and with glide protrusions (b) at 79 GHz. 

 

7.3.4   Final Design and Back Radiation Suppression 
 

The final design of the leaky wave antennas is done in this section. This design uses the 

leaky wave structures with Taylor modulation specified in section 7.3.3. To be able to 

manufacture and measure this antenna, a transition to a rectangular waveguide is needed to screw 

on the WR-10 flanges. The design of this flange is illustrated in Figure 7-51 together with the 

design parameters. Since the leaky waves will be manufactured in two parts, top and bottom, the 

flange integrated in the leaky waves has also been divided into two parts. To avoid problems with 

bad electrical contact, this flange has been implemented with a gap waveguide. It has been 

realized by pins oriented to the outside to assure the good operation of the connection between 
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the flange WR-10 and the flange of the leaky wave and in the internal part to assure the 

confinement of the field between the two parts of the leaky wave. The design includes holes for 

the connection screws with the WR-10 flange, alignment holes and mounting screw holes on the 

sides. 

 

 

          (a)                (b) 

Figure 7-51: Flange for WR-10 connector. 

 

This flange connects immediately with the transition from WR-10 to the quasi-periodic 

structure that makes up the leaky wave antenna. Images of this initial section of the antenna are 

shown in Figure 7-52. They represent the transition of the two designed leaky wave antennas, 

without glide protrusions (Figure 7-52(a,c)) and with glide protrusions (Figure 7-52(b,d)) with 

the lower piece from a top view (Figure 7-52(a,b)) and a longitudinal cut along x=0 of the 

complete antenna from a side view (Figure 7-52(c,d)). The transition to the leaky wave antenna 

without protrusions is very simple, as it is only necessary to slightly narrow the groove gap 

waveguide at the entrance to the leaky wave zone. In contrast, the leaky wave antenna with 

protrusions requires a progressive adjustment of the height of these protrusions as well as a greater 

variation in the position of the circular pins. The size and separation between periodic pins are 

the same than the used in the flange of Figure 7-51. This input section is also used for the output 

for load connection. 

 

   

  (a)              (b) 
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  (c)              (d) 

Figure 7-52: Transition from WR-10 to the leaky wave antenna. Leaky wave antenna without protrusions 

(a,c) and leaky wave antenna with protrusions (b,d). Top view of the transitions (a,b) and lateral cut (c,d). 

This lateral cut is done alone the x=0 line indicated in (a) and (b). 

 

One of the problems observed in section 7.3.3 is the appearance of a back-radiation lobe. 

In this section, various tests and modifications to the structure are carried out to mitigate the 

appearance of this lobe. Initially, the placement of metal pins, holes or corrugated walls on the 

radiating edge of the leaky wave antenna was tested to block backward propagation. These 

proposals had minimal effect, so other alternatives based on modifying the shape of the radiating 

edge are proposed. All these alternatives can be found from Figure 7-53 to Figure 7-58. A 

comparison of the results of both the S-parameters and the radiation patterns obtained with each 

of the proposals is shown in Figure 7-59. The first approach uses a single exponential flare 

oriented perpendicular to the leaky wave antenna. In Figure 7-53, the mounted structure and the 

inner face of the two pieces that form the antenna are shown. Different exponentials have been 

applied to form the flare, but the behaviour is approximately the same in all of them. The level of 

the back radiation is reduced to a level of 15.90 dB below the main beam at 79 GHz. This back 

radiation appears in a direction with an angular difference of 75° from the main beam. This 

difference is relatively small and may introduce interference from an unwanted direction. The 

level of the back radiation is intended to be reduced more than 20 dB below the level of the main 

beam. It would also be beneficial to increase the angular difference of the back beam from the 

main beam. With a difference of more than 120° it would be possible to absorb this back radiation 

with absorbers located behind the antenna on the body of a vehicle. 

 

    
(a)               (b) 

Figure 7-53: Leaky wave antenna with exponential flare. (a) Assembled prototype and (b) internal faces. 

 

The appearance of the back-radiation lobe is due to currents at the radiating edge of the 

leaky wave antenna that turn from the inner side to the outer side. One solution to prevent these 

currents from propagating on the outer face is to introduce corrugations along the edge. Figure 

7-54 represents the leaky wave antenna design with these corrugations forming a saw-shaped 
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flare. The dimensions of the corrugations should be about half a wavelength in the desired 

direction of propagation to affect the main beam as little as possible. The corrugations are oriented 

approximately perpendicular to the back direction of propagation to cut the currents in this 

direction. An orientation of 70° to the antenna edge has been chosen to optimize performance 

over the whole band. With this solution, a back-radiation level of 19.94 dB below the main beam 

is achieved. This means a reduction of more than 4 dB compared to the design in Figure 7-53. 

However, this level is still high for a back-radiation lobe at a distance of 75° from the main beam. 

 

    
(6) (b) 

Figure 7-54: Leaky wave antenna with exponential saw-shaped flare. (a) Assembled prototype and (b) 

internal faces. 

 

The currents that are induced in the external faces follow the law of reflection in optics. In 

this way, the angle formed by the incident wave-front on the inner face with respect to the edge 

coincides with the angle formed by the wave-front when it propagates on the outer face. Since the 

designed leaky wave antennas have a large angular variation of the radiated wave with frequency, 

eliminating the back radiation for all of them is not simple. A previous proposal to the final 

solution is to modify the edge of the leaky wave antenna so that it is formed by several sections 

with exponential flare oriented approximately in the direction of the main beam. Two tests have 

been carried out with 15 sections (Figure 7-55) and 70 sections (Figure 7-56) distributed 

uniformly along the radiating edge and with an inclination of 30º. The back-lobe level obtained 

with this proposal is worse than that of the saw-shaped corrugations in the figure. Specifically, 

the back radiation is 16.17 dB and 14.66 dB below the main beam for designs with 15 and 70 

sections, respectively. 
 

    
(a)               (b) 

Figure 7-55: Leaky wave antenna with 15 exponential flares uniformly distributed at a 30º angle. (a) 

Assembled prototype and (b) internal faces. 
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(a)               (b) 

Figure 7-56: Leaky wave antenna with 70 exponential flares uniformly distributed at a 30º angle. (a) 

Assembled prototype and (b) internal faces. 
 

The solution to mitigate the occurrence of back radiation is the introduction of an additional 

section at the edge of the leaky wave antenna with a prism shape. The outer edge of the prism 

incorporates the exponential flare as shown in Figure 7-57. Depending on the inclination of the 

outer edge of the prism, it is possible to reduce the level of back radiation and the direction in 

which it occurs. This inclination has been chosen considering two factors: minimizing the total 

width of the antenna and orienting the back lobe in the opposite direction to the main beam to 

facilitate absorption. A compromise solution has been found with an inclination of 30° relative to 

the direction perpendicular to the antenna edge. The final dimensions of the two designed 

antennas, with and without protrusions, are shown in Figure 7-58. The obtained back radiation 

lobe has a level 22.26 dB below the main beam, and it is pointing to a direction separated 140º 

with respect the main beam. 

 
(a)     (b) 

Figure 7-57: Leaky wave antenna with a prism ended with exponential flare at a 30º angle. (a) Assembled 

prototype and (b) dimensions of the exponential flare. 
 

In Figure 7-59(a), the S-parameters of all the proposals are similar, but the radiation 

diagrams significantly differ in Figure 7-59(b). Note the back-radiation beams near the main 

beam, which appear in all cases except for the prototype with a prism. In this case, the back 

radiation is oriented in a direction close to -180º with a lower level than those obtained with other 

proposals. Although the level of this lobe can be further reduced by applying new corrugations, 

we consider that it has a sufficiently low level and in an opposite direction to the main beam. 

Therefore, possible interference from that direction can be mitigated with absorbers or with the 

vehicle body itself. 

1.3 

1.9 

6.3 

1.5 



Advances in Periodic Structures and Manufacturing Technologies for mm-Wave Antennas  

 

 
  241  

 

 

  
(a)     (b) 

Figure 7-58: Inner faces of the leaky wave antennas with a prism ended with exponential flare at a 60º angle 

with respect to the edge. (a) Antenna with glide-symmetric protrusions and (b) antenna without protrusions. 
 

   
(a)               (b) 

Figure 7-59: (a) S-parameters and (b) radiation diagrams of the prototypes from Figure 7-53 to Figure 7-58. 

 

7.3.5   Final Prototypes and Simulations 

The manufactured prototypes and final simulations are presented in this section. 

Unfortunately, due to mobility and access restrictions to measurement facilities established during 

the COVID-19 pandemic, the final prototypes of these leaky wave antennas could not be 

experimentally validated for the closure of this document. A total of four parts have been 

manufactured for the assembly of the two leaky wave antennas described in this chapter. The 

additive manufacturing process is based on the stereolithography technique. The parts are formed 

layer by layer 50 μm thick with a UV curable resin. Photographs of the manufactured parts prior 

to assembly are illustrated in Figure 7-60. The parts are printed with supports to ensure the correct 

printing of all details, as shown in the Figure 7-60(a). These supports are later removed to proceed 

with the metallization of the pieces and their assembly. Figure 7-60(b,c) shows the internal 

structure of the leaky wave antennas in which the variation in position and diameter of the leaky 
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pins along the antenna to modulate the radiation are displayed in detail. An assembly test before 

metallization is shown in Figure 7-61. Figure 7-63 and Figure 7-63 show the prototypes 

manufactured after the plating process with a 10 μm copper layer. The two antennas are assembled 

and will be measured both with a network analyser and in an anechoic chamber. 
 

 
           (a)                 (c) 

Figure 7-60: 3D-printed prototypes. (a) Prototypes with supports, (b) detailed view of the pins of the 

conventional leaky wave antenna and (c) detailed view of the pins of the glide leaky wave antenna. 
 

        
(a)       (b) 

Figure 7-61: Assembled 3D-printed prototypes. (a) Perspective view and (b) front view of the WR-10 

flange. 
 

 

   
(a)                 (b) 

Figure 7-62: Copper plated 3D-printed prototypes. The copper layer has a thickness of 10 μm. (a) Prototype 

with glide-symmetric protrusions and (b) prototype without protrusions. 

 

(b) 
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(a) 

  
          (a)               (b) 

Figure 7-63: Assembled prototypes after metallization. (a) Perspective view of both prototypes, (b) view of 

the input flange to WR-10 and (c) side view. 
 

The simulations S-parameters of the two final designs are shown in Figure 7-64. The S-

parameters for the design with glide protrusions (Figure 7-64(a)) and for the conventional design 

(Figure 7-64(b)) have a similar shape, although in very different bands. For the prototype with 

glide symmetry, the reflection coefficient is below -12.7 dB in the band from 73.8 GHz to 81.7 

GHz. The transmission coefficient increases from values below -40 dB at the beginning of the 

indicated band to a value of -7.25 dB at the end. The conventional prototype has a reflection 

coefficient value below -12.7 dB between 76.9 GHz and 106.2 GHz. In this band, the transmission 

coefficient increases from values below -40 dB to -1.64 dB. It has been observed that the antennas 

preserve an acceptable behaviour of the radiation pattern for values of S21 up to -4 dB. Therefore, 

the usable bandwidth is lower.  
 

     
(a)                    (b) 

Figure 7-64: Simulated S-parameters of the tailored leaky wave antennas. (a) Leaky wave antenna with 

Hg=0.5 mm and (b) leaky wave antenna with Hg=0 mm. 
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Figure 7-65 depicts a comparison between simulated realized gain of the final prototypes. 

For a better view of the realized gain and SLL levels, the maximum values as a function of 

frequency are shown in Figure 7-66. For the glide prototype with Hg=0.5 mm (Figure 7-66(a)), 

the maximum realized gain is 17.6 dBi at 78 GHz with an SLL of -21.75 dB. For the design with 

Hg=0 mm (Figure 7-66(b)), the realized gain reaches a maximum of 20.83 dBi at 92.5 GHz with 

a SLL of -22 dB. These properties degrade as the frequency moves away from the design 

frequency. The value of the realized gain decreases 3 dB between 74 GHz and 81.1 GHz for the 

glide case (Hg=0.5 mm) and between 78.7 GHz and 100 GHz for the conventional case (Hg=0). 
 

  
(a)                   (b) 

Figure 7-65: Simulated realized gain for the tailored leaky wave antennas with Hg=0.5 mm (a) and Hg=0 

mm (b). 
 

The pointing angle of the main beam as a function of frequency is shown in Figure 7-67. 

The full antenna simulations are compared with the curves obtained from the unit A and C cells 

analysed in Figure 7-41. In frequency bands where the realized gain drops 3 dB, there is a 

variation of the scanning angle from 17º to 62º in the glide case (Figure 7-67(a)) and from 27º to 

50.5º in the conventional case (Figure 7-67(b)). This improvement factor could be larger if the 

value of Hg is further increased. There is a difference of 8º in the steering angle between the final 

amplitude modulated antenna with glide symmetry and the estimated values using the periodic 

unit cell C. The steering angle for the final conventional design is very close to the estimated 

values with the unit cell A. The differences can be explained because the final antennas are not 

periodic and use unit cells whose dimensions vary along the antenna.  
 

  
(a)     (b) 

Figure 7-66: Simulated variation of the maximum realized gain and side lobe level with frequency for the 

tailored leaky wave antennas with Hg=0.5 mm (a) and Hg=0 mm (b). 
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(a)                    (b) 

Figure 7-67: Simulated steering angle versus frequency for the tailored leaky wave antennas with Hg=0.5 

mm (a) and Hg=0 mm (b). 

 

A view of the electric field inside the antennas is illustrated in Figure 7-68 and Figure 7-69 

for the start frequency, the central frequency and the end frequency of their bands. Figure 7-68 

corresponds to the antenna with glide-symmetric protrusions and Figure 7-69 shows the antenna 

with conventional gap waveguide. For a better comparison of the results of the two prototypes, in 

Figure 7-70(a) the maximum realized gain and side lobe level curves are overlapped as a function 

of the frequency for both prototypes. There is a high compression of the bandwidth around 77 

GHz and an increase of the angular range. Figure 7-70(b) represents the total bandwidth and 

angular scanning of the glide and no glide prototypes. The bandwidth compresses from 21.3 GHz 

to 7.15 GHz, while the angular scanning rise from 23.4º to 44.6º. This means that the scanning 

ratio for the conventional antenna is 1.099º/GHz and 6.238º/GHz for the glide antenna, as shown 

in Figure 7-71(a). Figure 7-71 (b) shows the scanning ratio considering the fractional bandwidth. 

The values with this consideration are 0.98º/%BW for the first case and 4.84º/%BW for the second 

case. With these values, an improvement of the scanning ratio by a factor of 5.68 is achieved 

considering absolute bandwidth and a factor of 4.92 for fractional bandwidth (Figure 7-71(c)). 

 

 
(a)    (b)    (c) 

Figure 7-68: Electric field in the antenna with glide-symmetric protrusions at (a) 74 GHz, (b) 77.55 GHz 

and (c) 81.1 GHz. 

 

 
(a)    (b)    (c) 

Figure 7-69: Electric field in the antenna with conventional gap waveguide at (a) 78.7 GHz, (b) 89.35 GHz 

and (c) 100 GHz. 
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         (a)                  (b) 

Figure 7-70: (a) Comparison of the realized gain and side lobe level versus frequency for both prototypes. 

(b) Bandwidth and angular scanning values for both cases. 
 

         
    (a)    (b)             (c) 

Figure 7-71: Comparison of the scanning ratio between the no glide and glide prototypes considering 

absolute bandwidth (a) and fractional bandwidth(b). Improvement factor of the glide case in (c). 

 

In Table 7-II, a comparison is conducted between the results of the proposed antenna and 

a selection of leaky wave antennas found in the literature. Since the antennas shown operate in 

different frequency bands, it is best to use the fractional bandwidth for the estimation of the scan-

to-frequency ratio for a fair comparison. All proposals except [185] are implemented on dielectric 

substrate, either in SIW, microstrip, etc. This allows to increase the density of the medium and 

increase the scanning angle. The problem is that the substrate introduces additional losses and 

considerably degrades the efficiency of the antenna. Especially if implemented in W-band. 

However, only two antennas [180][181] implemented on a dielectric substrate have a higher scan 

rate than the leaky wave antenna proposed in this chapter, although in Ka-band and Ku-band, 

respectively. Regarding the antenna in [185], it uses a hollow rectangular waveguide with high 

impedance surfaces. This solution is similar to the antenna proposed in this chapter, since the 

glide-symmetric protrusions also generate a high impedance surface. However, the scanning rate 

in [185] was 1.70, while in our work it is almost three times higher. 
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7.3.6   Conclusion 

This work presents the analysis, design and simulation of a leaky wave antenna based on 

gap waveguide with improved scanning ratio for automotive applications at 77 GHz. The 

improvement is achieved by introducing glide-symmetric protrusions inside the leaky wave 

antenna. This raises the density of the medium, which means an increase in the range of steering 

angles and a decrease in the required frequency band. A numerical analysis of the unit cells with 

different parametric configurations was carried out, of which two of them are used in the design 

of the final prototypes. The design of these two prototypes includes an optimization to modulate 

the amplitude of radiation along the leaky wave aperture, fitting Taylor illumination to reduce the 

level of the side lobes. In the case of no protrusions, there is an angle variation of 23.4º in a 21.3 

GHz band and in the glide-symmetric case, the angle variation is 44.6º in a 7.15 GHz band. The 

proposed design provides an improvement of the scanning ratio of a factor 5.67 considering the 

absolute bandwidth or 4.92 with the fractional bandwidth. 

 

  

 

TABLE 7-II: COMPARISON WITH OTHER LEAKY WAVE ANTENNAS 
 

Ref. Technology1 Central freq. (GHz) Scanning angle (º) Bandwidth (%) Scanning rate2 

[179] SIIG LTCC 62.5; 94 31; 22 14.4; 8.51 2.15; 2.59 

[180] Slotted SIW 35 41 5.7 7.19 

[181] Slow-wave SIW 13.7 35 3 11.7 

[183] Microstrip slots-stubs 2.5 27 8 3.375 

[184] Slotted SIW 25.5 30 11.76 2.55 

[185] HIS hollow WR 13.5 63 37.04 1.70 

[186] Phase-reversal SIW 10 90 30 3 

[187] Yagi slotted microstrip 5 78 20 3.9 

[188] CRLH-TL 60 69.5 16.66 4.17 

This work Hollow glide GW 77.55 44.6 9.22 4.84 
 

1Technology used for the implementation of the antenna. SIIG: Substrate Integrated Image Guide, LTCC: Low 

Temperature Co-fire Ceramics, SIW: Substrate Integrated Waveguide, HIS: High Impedance Surface, WR: 

rectangular waveguide, CRLH-TL: Composite Right/Left-Handed Transmission Line, GW: Gap Waveguide. 

 
2Scanning rate: Relation between the scanning angle and the fractional bandwidth. Expressed in degrees per 1% 

bandwidth. 
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Chapter VIII 

8 Chapter VIII: Conclusion and Future Work 

Conclusion and Future Work 

8.1   Framework 

This doctoral thesis has been conducted in the Radiation Group of the Signals, Systems and 

Radiocommunications Department in the ETSI of Telecommunications of Technical University 

of Madrid from January 2016 to July 2020 under the supervision of Dr. Jose Manuel Fernandez 

Gonzalez. Radiation Group also belongs to the Information Processing and Telecommunications 

Research Centre. 

The contributions presented in this work have been funded by the following public research 

projects: 

1. Project title: JETSTREAM - Desarrollo de una Antena banda KA embarcada para la 

prestación de servicios de acceso a Internet por Satélite en Aviación Comercial (RTC-2015-

3495-7) 

Funding institutions: Ministerio de Economía y Competitividad and TELNET S.A. 

Research institution: Universidad Politécnica de Madrid 

Researcher in chief: Manuel Sierra Perez 

 

2. Project title: ENABLING-5G - Innovando en Tecnologías Radio para Redes 5G (TEC-2014-

55735-C3-1-R), associated to the FPI Grant with reference BES-2015-075230 

Funding institution: Ministerio de Economía y Competitividad 

Research institution: Universidad Politécnica de Madrid 

Researcher in chief: Manuel Sierra Castañer 

 

3. Project title: SPADERadar CM - Space Debris Radar – Radar para Detección de Basura 

Espacial (S2013/ICE-3000-CM) 

Funding institution: Gobierno de la Comunidad de Madrid 

Research institutions: Universidad Politécnica de Madrid, Universidad Carlos III de 

Madrid and Universidad Autónoma de Madrid 

Researcher in chief: Jesus Grajal de la Fuente 

 

4. Project title: FUTURE-RADIO - Sistemas y Tecnología Radio para Comunicaciones 

Terrestres y Espaciales de Gran Capacidad en un Futuro Hiperconectado (TEC2017-85529-

C3-1-R) 

Funding institution: Ministerio de Economía, Industria y Competitividad 

Research institution: Universidad Politécnica de Madrid 

Researcher in chief: Ramon Martinez Rodriguez-Osorio 

 



Advances in Periodic Structures and Manufacturing Technologies for mm-Wave Antennas  

 

 
  250  

 

 

8.2   Novel Contributions 

The main contribution of this thesis is the validation of additive manufacturing applied to 

RF devices and antennas in millimetre-wave bands. This is carried out in chapters III and IV. 

Another objective achieved in chapter V is the integration of an active liquid crystal-based device 

in gap waveguide devices up to 100 GHz for electronically reconfigurable antennas. Chapters VI 

and VII are dedicated to the application of high symmetries in passive devices to enhance their 

properties. A detailed list of the contributions carried out in this thesis is shown below: 

• Study and comparison of gap waveguide and rectangular waveguide structures with 

analysis of insertion losses as a function of the roughness and conductivity of the metal. It 

has been found that roughness has a much greater impact than the conductivity of the metal 

already in Ka-band. A roughness of between 1 and 2 one RMS, typical in aluminium 

machined parts, means an increase of losses dB/cm by a factor of 5 to 6, while the increase 

from copper (σ≃6 S/m) to aluminium (σ≃3 S/m) considering ideal surfaces without 

roughness only occurs by a factor of 1.4. It has also been verified that a bad contact between 

parts in rectangular waveguides can mean an increase of field leakage losses by a factor of 

5 or more. In gap waveguide this effect is negligible. 

 

• Additive manufacturing has been applied in power distribution networks based on gap 

waveguide at Ka and W band. The implementation was based on the use of the 3D printing 

technique called stereolithography (SLA). This technique consists of curing a 

photosensitive resin using a UV laser. After the printing process, a layer of about 10 μm 

thick copper is applied with a very low roughness (in the order of 0.3 μm) which gives it a 

high conductivity. The advantages provided by this additive manufacturing are: cost 

reduction of approximately an order of magnitude compared to classic CNC machining for 

pieces based on complex gap waveguide structures, increase of degrees of freedom in the 

design stage due to the versatility of this manufacturing technology and obtaining very low 

insertion losses due to the good finish of the copper metallization. The losses measured in 

Ka-band and W-band are approximately 0.01 dB/cm and 0.05 dB/cm, respectively. 

 

• Design, manufacturing and validation of a monopulse antenna with simultaneous sum and 

difference beams at 94 GHz. The design consists of the integration of a Butler matrix 

implemented in gap waveguide technology and an RLSA antenna. The coupling between 

the Butler network and the RLSA is done through a circular cavity that generates a 

homogeneous circular mode for the difference beam and a rotating circular mode for the 

sum beam. These two modes are excited depending on the phase conditions at the input of 

the cavity, provided by the Butler matrix. This Butler matrix is implemented by SLA 

additive manufacturing with a high degree of coincidence between measurements and 

simulations. The RLSA is manufactured with PCB technology on a low-loss dielectric 

substrate. The measured results of the complete antenna have a good reflection coefficient 

below -15 dB for sum and difference configuration, although narrow band inherent to the 

circular cavity, a gain of about 30 dBi and a radiation efficiency of approximately 70%. 

 

• Testing of the additive manufacturing technology DMLS (Direct Metal Laser Sintering) 

applied to the Butler matrix indicated in the previous point. The agglomeration of metal 
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particles using this technology produces irregularities and high roughness that prevent the 

proper functioning of the antenna. In particular, there is a high reflection coefficient, very 

high losses, and a deviation of the phase conditions in the circular cavity that prevents the 

desired modes from being excited. 

 

• Study and analysis of a commercial liquid crystal mixture for the design, manufacturing 

and validation of a voltage reconfigurable liquid crystal-based phase shifter integrated in a 

gap waveguide at W-band. Thanks to the anisotropy of the liquid crystal and the polarity 

of the molecules that form it, it is possible to modify its electrical permittivity in a desired 

direction by applying a voltage. The gap waveguide structure has been implemented by 3D 

printing and the phase shifter has been integrated in a liquid crystal cell between two quartz 

wafers with the desired shape of the electrode photo-printed with gold. This phase shifter 

has provided a phase shift of around 360º in a 16 mm length electrode, although multiple 

manufacturing deviations have been detected which have led to a significant increase in the 

reflection coefficient. These deviations have been measured and introduced into the 

simulated model, with a result very similar to that obtained in measurements. The losses of 

this liquid crystal mixture are very high and range from 8 dB to 13 dB depending on the 

polarization state of the liquid crystal. A loss tangent of 0.035 has been estimated in a band 

from 88 GHz to 100 GHz for a voltage of 0 V and 0.01 in saturation (30 V). This implies 

a figure of merit of around 27º/dB. 

 

• Proposal, analysis and validation with measurements of a periodic surface with glide 

symmetry. In the literature, structures with glide symmetry had been presented combining 

two surfaces, in which one of them is a mirror of the other and displaced by half a 

periodicity. The proposed structure achieves this symmetry in a single surface with ellipses 

whose orientation in the plane defines this symmetry. Moreover, this symmetry can be 

broken by modifying the relative orientation between ellipses to generate stopbands that 

allow a filtering of the signal. Since this symmetry occurs in a single surface, it has been 

implemented on a dielectric substrate where the ellipses are printed on one of the faces to 

reduce the manufacturing cost. In order to limit transmission losses, the design is made so 

that most of the fields are propagated over the metal face with ellipses, in a space between 

this face and an upper metal plate. In addition to this filtering capability, the size and 

orientation of the ellipses allow the modification of the propagation constant of the 

propagating mode. This is useful in the design of lenses on flat surfaces to control the 

propagation constant at each position along the structure. 

 

• Based on glide-symmetric ellipses, two mechanically reconfigurable waveguide filters 

have been designed and validated. Each of them uses two surfaces facing each other with 

cigar-shaped holes combining symmetries and ruptures of symmetry, so that a relative 

displacement between these two pieces allows the rupture or regeneration of a glide 

symmetry. With this, it is possible to control with a small displacement the opening and 

closing of stop-bands in certain frequency bands to allow the propagation or blocking of 

the fields inside the waveguide. Cigar-shaped holes have been used instead of ellipses to 

facilitate manufacturing by CNC machining. Amplitude differences of up to 50 dB have 

been achieved when switching from the symmetrical to the non-symmetrical configuration. 
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• Proposal of a solution for space reduction of periodic gap waveguide structures based on 

cigar-shaped glide symmetrical holes. One of the biggest problems of the gap waveguide 

technology has been addressed: the large volume occupied by the periodic pins or holes, 

since 2 or 3 rows are necessary at the sides of the gap waveguides to ensure proper isolation. 

By using cigar-shaped holes instead of circular holes it is possible to reduce the space 

occupied in one direction to minimize the distance between adjacent waveguide gaps. This 

is important to achieve a separation between radiating elements in an antenna below a 

wavelength to avoid grating lobes. This solution is applied to W-band multilayer 

waveguides manufactured with laser cut. A comparison is made between one or two rows 

of circular or cigar-shaped holes to obtain a minimum width of 0.65 mm for the wall 

between parallel waveguides. With this option it is possible to achieve separations between 

radiating elements of about 0.8 wavelengths, enough to avoid the appearance of grating 

lobes.  

 

• Analysis, design and manufacturing of a leaky wave antenna for automotive radar with 

symmetrical glide protrusions to increase the angular range of beam steering and reduce 

the necessary bandwidth. The design is centred at 77 GHz, as this is a frequency band 

commonly used in radar applications. By controlling the height of the protrusions, the ratio 

between angular range and required bandwidth can be increased. This is beneficial in 

simplifying the complexity of the system and increasing the window of detection angles. 

This antenna also includes gap waveguide technology to avoid bad electrical contacts, as 

the antenna has been designed and manufactured in two parts. Two leaky wave antennas 

have been fabricated using 3D printing, one with glide protrusions and the other without 

them to make a comparison of the results obtained. In both designs, Taylor illumination 

has been applied along the aperture of the antennas to reduce the secondary lobes. In 

comparison, an increase in the scanning range from 23.4º in a 21.3 GHz band to 44.6º in a 

7.15 GHz band has been achieved. This means an improvement in the scanning ratio by a 

factor of 4.92 considering fractional bandwidths.  

8.3   Future Work 

During the development of the thesis, improvements and new designs related to the 

prototypes presented in this document have been proposed but could not be included. The 

completion and manufacturing of these designs is planned for the near future. A list of future 

works is listed below: 

• Redesign of the RLSA monopulse antenna to increase the working band. The design 

presented in Chapter III presents a very narrow band response for the difference diagram. 

The redesign aims to increase the band in this pattern by modifying the phase conditions in 

the excitation of the circular cavity. In the initial design, this mode is achieved by exciting 

the cavity with four in-phase ports (0º, 0º, 0º, 0º). However, it has been observed that a 

difference diagram is also obtained by exciting the cavity with alternating counterphase 

ports (0º, 180º, 0º, 180º). Since this is a balanced configuration, the bandwidth obtained is 

greater and similar to that obtained for the sum mode. In addition, some dimensions of the 

Butler matrix components will also be corrected to provide more bandwidth and prevent 

the occurrence of resonances close to the working frequency. This prototype will include 



Advances in Periodic Structures and Manufacturing Technologies for mm-Wave Antennas  

 

 
  253  

 

 

the introduction of bandpass filters at the entry ports, made in collaboration with the Public 

University of Navarra, to minimize possible interference in nearby frequency bands.  

 

• Modify the coupling structure from groove gap waveguide to the liquid crystal phase shifter 

presented in Chapter IV. It has been observed that small manufacturing deviations in the 

prototypes have produced enormous variations in the reflection coefficient. This 

modification is intended to reduce the impact of these deviations on the matching of the 

prototype. As a first approximation, increasing the thickness of the liquid crystal cell will 

help to soften this effect. 

 

• Design and manufacturing of a liquid crystal cell for the precise extraction of the electrical 

properties of the liquid crystal in the desired band. 

 

• Design of a progressive wave slot antenna implemented on the liquid crystal phase shifter 

structure. Progressive change of phase between slots controlled by the voltage applied 

between electrodes will allow reconfiguration of the beam steering. 

 

• Application of the surface with ellipses arranged with glide symmetry shown in Chapter V 

for the design of flat Luneburg lenses. This type of lens is commonly used for multi-beam 

applications, as it can generate N beams in different directions when excited with N ports. 

 

• Improvement of the mechanically reconfigurable filter detailed in chapter V. The aim is to 

remove the rails from the field's propagation structure and replace them with flat surfaces 

with holes that block the field's propagation. These holes must maintain the EBG behavior 

in any relative position in order to displace one part over the other. This new design seeks 

to simplify manufacturing and reduce cost as well as minimize the effect of tolerances. 

 

• Design and manufacturing of a waveguide slot antenna based on multi-layer waveguides 

with the cigar-shaped holes analysed in Chapter VI. The design of this antenna seeks to 

facilitate the manufacturing of this type of antenna in millimetre-wave bands by means of 

gap waveguide technology while maintaining a reduced separation between radiating 

elements. 

 

• Verify the behaviour of these EBGs with cigar-shaped holes applied to a multi-layer 

antenna with radiating elements distributed with a corporate power network for bandwidth 

increase. 

8.4   Publications 
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satélite en banda Ka," XXXI Simposium Nacional de la Unión Científica Internacional 

de Radio (URSI), Madrid, Spain, 2016, pp. 1-4. 

 

3. A. Tamayo-Domínguez, J. M. Fernández-González and M. Sierra-Castañer, 

"Monopulse Space Debris Radar Antenna Based on RLSA and 3D-Printed Gap 

Waveguide at 94 GHz," XXXIII Simposium Nacional de la Unión Científica 

Internacional de Radio (URSI), Granada, Spain, 2018, pp. 1-4. 

 

4. A. Tamayo-Domínguez and J. M. Fernández-González, "Electrically Tunable Phase 

Shifter Based on Liquid Crystal and 3D-Printed Gap Waveguide at W Band," XXXIV 

Simposium Nacional de la Unión Científica Internacional de Radio (URSI), Sevilla, 

Spain, 2019, pp. 1-4. 

 

5. A. Tamayo-Domínguez, J. M. Fernández-González and O. Quevedo-Teruel, "Leaky 

Wave Antenna Based on Glide Symmetry with Fast Steering Angle for Automotive 

Radar at 77 GHz," XXXV Simposium Nacional de la Unión Científica Internacional de 

Radio (URSI), Málaga, Spain, 2020, pp. 1-4. Online due to COVID-19. 

 

8.4.3   Workshops and Other Contributions 

1. Lecturer in CST Workshop Series 2016 with the work entitled "SIW y GAP en guías de 

onda". Madrid, Spain, 2016. 

 

2. Participation in the event "Industry Days - Additive Manufacturing for RF/Microwave 

hardware" organized by the European Space Agency (ESA) with the work entitled 

"Metal-Coated 3D-Printed Technology for Low loss, Weight and Cost Distribution 

Networks in Antennas at Millimeter Wave Bands". Authors: A. Tamayo-Domínguez, 

J. M. Fernández-González and M. Sierra-Pérez. Noordwijk, Netherlands, 2018. 

8.4.4   Books Contributions 

Higher Symmetries and Its Application in Microwave Technology, Antennas and 

Metamaterials 

Publisher: MDPI (Open Access) 

Authors: Mario G. Silveirinha, Oskar Dahlberg, Guido Valerio, Oscar Quevedo-

Teruel, Nafsika Memeletzoglou, Carlos Sanchez-Cabello, Francisco Pizarro, Eva 

Rajo-Iglesias, Adrian Tamayo-Dominguez, Jose-Manuel Fernandez-Gonzalez, 
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Angel Palomares-Caballero, Pablo Padilla, Antonio Alex-Amor, Juan Valenzuela-

Valdes, Zvonimir Sipus, Marko Bosiljevac and Mohammad Bagheriasl 

Date of publication: December 2019 

ISBN: 978-3-03921-876-9 (Pbk); 978-3-03921-877-6 (PDF) 

Number of pages: 98 

8.5   International Research Stays 

Doctoral stay under the supervision of Dr. Oscar Quevedo-Teruel in the Division of 

Electromagnetic Engineering of the School of Electrical Engineering at KTH Royal Institute of 

Technology, Stockholm (Sweden) from September 2017 to December 2017. The research activity 

developed during the stay is mainly focused on the application of structures with high symmetries 

in devices and antennas in millimetre-wave bands to improve their performance. As a result of 

this research, six articles have been published in high impact factor journals, three articles in 

international conferences and one in a national conference. The relationship between the home 

research group and the host group has been strengthened and there continues to be an important 

synergy that will enhance the emergence of future lines of research and collaborative publications. 

8.6   Awards 

The Ph. D. candidate has received several awards and recognitions for the work sent to 

different scientific symposiums: 

1. Young Researchers Award URSI 2018 for the work entitled "Monopulse Space 

Debris Radar Antenna Based on RLSA and 3D-Printed Gap Waveguide at 94 GHz". 

XXXIII Simposium Nacional de la Unión Científica Internacional de Radio (URSI), 

Granada, Spain, 2018. 

 

2. Finalist of the Student Paper Competition for the 2018 Global Symposium on 

Millimeter Waves for the work entitled " New Manufacturing Technologies For 5G 

Millimeter Wave Antennas". 11th Global Symposium on Millimeter Waves (GSMM), 

Boulder, CO, USA, 2018. 

 

3. Finalist of Young Researchers Award URSI 2019 for the work entitled " Electrically 

Tunable Phase Shifter Based on Liquid Crystal and 3D-Printed Gap Waveguide at W 

Band". XXXIV Simposium Nacional de la Unión Científica Internacional de Radio 

(URSI), Sevilla, Spain, 2019. 

 

8.7   Supervised Bachelor Theses 

During the development of his Ph. D. thesis, the candidate has supervised the bachelor 

theses listed below. 

1. Title: Estudio y diseño de una red de alimentación mediante tecnología RGW (Ridge 

Gap Waveguide) para un sistema de comunicaciones por satélite en banda Ka. 

Author: Miguel Ángel Muñoz Sanz 

Defense date: January 26th 2017 

Grade: 9.5 out of 10. 

 

https://ieeexplore.ieee.org/xpl/conhome/8422016/proceeding
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2. Title: Design and simulation of a distribution network using GGW (Groove Gap 

Waveguide) technology in planar antennas for 5G applications at 60 GHz band. 

Author: Hosnia Azkiou 

Defense date: July 17th 2017 

Grade: 10 out of 10. 

 

3. Title: Estudio y diseño del elemento radiante para un sistema de comunicaciones por 

satélite en banda Ka mediante tecnología MRGW (Microstrip-Ridge Gap Waveguide) 

y LTCC (Low Temperature Co-fired Ceramics). 

Author: Gonzalo Pedregosa Ordóñez 

Defense date: July 18th 2017 

Grade: 10 out of 10. 

 

4. Title: Estudio de sensibilidad por tolerancias de fabricación para el diseño de redes de 

distribución basadas en Microstrip-Ridge Gap Waveguide en banda Ka. 

Author: María Fernández Novella 

Defense date: July 19th 2017 

Grade: 9.5 out of 10. 

 

5. Title: Análisis y diseño de una antena Leaky Wave basada en tecnología Groove Gap 

Waveguide orientada a fabricación 3D para aplicaciones 5G. 

Author: Daniel Ollé Díaz 

Defense date: July 11th 2018 

Grade: 9.5 out of 10. 

 

8.8   Attendance at Seminaries and Courses 

As part of the formative process of the Ph. D candidate, the doctoral program in which this 

thesis is framed includes mandatory formation courses that complement the knowledge acquired 

during the development of the thesis. The courses and seminars attended by the candidate are 

listed below. 

1. Title: Antennas for Space Applications. 

Research Institution: European School of Antennas, ESA-ESTEC, Noordwijk, 

Netherlands. 

Duration: 40 hours. 

Date: March 14th to March 18th, 2016. 

 

2. Title: Antennas Measurements. 

Research Institution: European School of Antennas, E.T.S.I. Telecomunicación 

de la Universidad Politécnica de Madrid, Spain. 

Duration: 40 hours. 

Date: June 13th to June 17th, 2016. 

 

3. Title: Patentes y derechos de autor: Lo que todo investigador debe saber. 

Research Institution: E.T.S.I. Telecomunicación de la Universidad Politécnica 

de Madrid, Spain. 

Duration: 4 hours. 

Date: March 30th, 2017. 

 

4. Title: Advanced Topics on Antenna Technologies. 
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Research Institution: E.T.S.I. Telecomunicación de la Universidad Politécnica 

de Madrid, Spain. 

Duration: 20 hours of attendance and 10 hours of student work. 

Date: April to June, 2017. 

 

5. Title: Sistemas Adaptativos: Teoría y Aplicaciones. 

Research Institution: E.T.S.I. Telecomunicación de la Universidad Politécnica 

de Madrid, Spain. 

Duration: 20 hours of attendance and 10 hours of student work. 

Date: April to June, 2017. 

 

6. Title: Optimización. 

Research Institution: E.T.S.I. Telecomunicación de la Universidad Politécnica 

de Madrid, Spain. 

Duration: 20 hours of attendance and 10 hours of student work. 

Date: April to June, 2017. 

 

7. Title: Metodología y Documentación Científica. 

Research Institution: Instituto de Ciencias de la Educación (ICE) de la 

Universidad Politécnica de Madrid. 

Duration: 20 hours of attendance and 10 hours of student work. 

Date: April to June, 2017. 

 

8. Title: La carrera profesional docente: acceso, promoción, estabilización y nuevas 

figuras. 

Research Institution: Facultad de Geografía e Historia de la Universidad 

Complutense de Madrid, Spain. 

Duration: 5 hours. 

Date: October 22nd, 2019. 

 

9. Title: Inteligencia emocional en el aula universitaria. 

Research Institution: E.T.S. de Ingenieros de Caminos, Canales y Puertos. 

Instituto de Ciencias de la Información (ICE), Spain. 

Duration: 8 hours. 

Date: January 20th to January 21st, 2020. 

 

10. Title: Comunicación y Divulgación de la Ciencia. 

Research Institution: Escuela Internacional de Doctorado. Universidad 

Politécnica de Madrid, Spain. Online due to COVID-19. 

Duration: 3.5 hours. 

Date: June 3rd to June 4th, 2020. 
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APPENDIX 

A. Manufacturing process of liquid crystal devices 
Courtesy of the Applied Photonics Group of the Center for Advanced Materials and Devices for 

Information and Communication Technologies (CEMDATIC) 

Pretreatment of substrates 

Two types of Quartz substrates with ITO layer were used: 

• 1mm thick substrates from Vidrasa (Spain) 

• 0.3 mm thick substrates from PGO (Precission Glass optics - Germany)  

• The substrates were first cleaned with acetone and a soft cloth. Afterwards, they were 

washed with neutral soap and rinsed with deionized water several times. Subsequently, 

they were immersed in deionized water for 20 minutes in an ultrasonic bath and rinsed 

again with deionized water. They were dried with a nitrogen gun and put in the oven 

overnight at 200 °C to remove traces of humidity. 

After, we introduced them 10 minutes in a surface UV treatment oven (UVO cleaner Jelight 

18). 

Cutting the quartz substrates 

Quartz substrates were cut and drilled with a CO2 laser (Epilog engraving laser 45W). Big 

ones were cut and drilled before gold deposition. Small ones were cut after gold deposition. The 

process is shown in Figure A-1. 

 
 

Figure A-1: Laser cut of the quartz substrates. 
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Deposition of the gold conductive layer 

Once the substrates are clean, they are introduced in a DC sputtering until vacuum of 10-6 

torr is reached. A layer of 50 nm of chromium is first deposited to improve adhesion and then 1 

µm of gold. 

Photolithography of the conductive paths  

Before depositing the photoresist, substrates are introduced in the UVO cleaner oven for 

10 minutes to improve the adhesion of photoresist, as shown in Figure A-2. 

 

 
 

Figure A-2: Improving the adhesion of photoresist using the UVO cleaner oven. 
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Approximately 2.5 μm of positive photoresist microposit S1818 G2 was deposited by 

spincoating, spinning the samples at 3000 rpm for 30 seconds. The process is shown in Figure 

A-3. 

   
 

Figure A-3: Spincoating of positive photoresist. 

 

Photoresist is prebaked in a hot-plate for 60 seconds at 115 °C. Pictures of the process and 

the result applied to all the samples are shown in Figure A-4. Three quartz substrates of 1 mm 

thickness are visible for the long phase shifter and two for the short phase shifter. In addition, four 

0.3 mm thick quartz substrates are included for photolithography of the longest electrode and 

eight substrates for the shortest electrode. 

   
 

Figure A-4: Prebaking of the photoresist in a hot-plate. 

After aligning the substrates with the corresponding masks (manufactured by Deltamask, 

Nederland) we insolate through the mask, defining the substrate elements, for 13 seconds with a 

mercury lamp at 4mW/cm2. Samples are developed for about half a minute in Microposit 

developer. This process is illustrated in Figure A-5. 
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Figure A-5: Alignment of the mask and developing of the samples. 

They are profusely washed in deionized water, dried with a nitrogen gun and an oven 

hardbake is carried out for 30 minutes at 110 ° C. 

The paths of both substrates are then inspected in a binocular microscope. If there is any 

fault in the definition of the paths in the photoresist, the photolithographic process is repeated, 

washing previously the substrate with acetone and deionized water. In case the definition of the 

paths is correct, the etching of gold is firstly carried out. This inspection is shown in Figure A-6. 
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Figure A-6: Inspection of the photoresist under the microscope. 

Acid Etching 

A mixture of 40 g of KI, 10 g of iodine and 400 ml of water is manufactured. In Figure 

A-7, the substrates are submerged in that mixture, at room temperature, until the gold has been 

completely removed in the areas that are not covered by the photoresist. 

   
 

Figure A-7: Removing the gold in the areas that are not covered with photoresist. 

 

A mixture of 41 g of Ce(SO4)4(NH4)4:2H2O, 11 ml of HCLO4 is then prepared  and 

completed to 250 ml with H2O. The substrates are submerged in this mixture until the chromium 

has been completely removed, as seen in Figure A-8. 
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Figure A-8: Removing the chromium in the areas that are not covered with photoresist. 

The photoresist is removed in successive baths with acetone, washed with deionized water 

and dried with a nitrogen gun. The gold elements are checked in the binocular microscope (Figure 

A-9). 

 
 

Figure A-9: Inspection of the gold elements under the microscope. 
 

If no errors are observed, the samples are immersed in an ultrasonic bath in water for 15 

minutes, rinsed, dried with a nitrogen gun and placed in the oven at 150 °C for one hour to 

eliminate humidity. 

 



Advances in Periodic Structures and Manufacturing Technologies for mm-Wave Antennas  

 

 
  279  

 

 

Polyimide deposition 

The substrates are put in the UVO cleaner oven for cleaning and UV surface treatment for 

10 minutes (see Figure A-10).  

 
 

Figure A-10: Cleaning of the surfaces in the UVO cleaner oven. 
 

Polyimide PIA2304 (Lixon Aligner) at 25% in FOR 25 solvent is then deposited by spin-

coating at 3000 rpm for 30 seconds (Figure A-11). Solvent is evaporated in a hot plate for a minute 

at 150ºC (Figure A-12). 

   
 

Figure A-11: Deposition of polyimide in the surfaces. 
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Figure A-12: Evaporation of solvent in a hot-plate. 
 

With an optical quality cloth, soaked in acetone, the contacts are cleaned and the substrate 

is placed in the oven at 180 °C for 45 minutes. 

Surface treatment 

The polyimide layer is rubbed by a velvet roller at 5 rpm with an advance of 1 cm/s in an 

equipment constructed for this purpose, adjusting previously the pressure on the substrate. This 

achieves that the liquid crystal is oriented in the proper direction (in the direction of the dipoles) 

and so that, when mounting the device, both sides are rubbed in antiparallel direction. 

Creation of the spacers 

Positive photoresist SU8-50 (MicroChem - Germany) is heated in a pot for 1 hour in the 

oven at 30 °C. It is deposited on the substrate and spin-coated at 500 rpm for 10 seconds with an 

acceleration ramp of 100 rpm/s and then 35 seconds at 1700 rpm with an acceleration ramp of 

300rpm/s. The process is shown in Figure A-13. 
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Figure A-13: Deposition of SU8 photoresist. 
 

As shown in Figure A-14, samples are prebaked in a hot-plate for 10 minutes at 65 °C and 

then 30 minutes at 95 °C to remove the solvent.  
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Figure A-14: Prebaking of the substrates and solvent removal in a hot-plate. 
 

Substrates are aligned with the mask and insolated for 120 seconds at 4mW/cm2. Substrates 

are then heated in a hot-plate at 95 °C for 10 minutes to complete the polymerization of the 

illuminated areas (see Figure A-15). 

 

 
 

Figure A-15: Alignment and polymerization of the illuminated areas. 
 

The development process is made with SU8 developer (PGMEA) submerging the 

substrates for 8 minutes in PGMEA and then one more minute in clean PGMEA (Figure A-16). 

After developing, the samples are rinsed generously with isopropyl alcohol and then with 

deionized water and dried afterwards with a nitrogen gun. 

 

 
 

 

Figure A-16: Developing of SU8 polymer. 
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Mounting of the cell 

The two glasses are overlapped and aligned with a tool built for this purpose, aligning the 

corresponding marks. Once the substrates are aligned, a small amount of silver epoxy is added in 

the up-down contact area. After, substrates are clamped and sealed with epoxy adhesive (Araldit), 

leaving two apertures for the liquid crystal filling. This mounting process is shown in Figure A-17. 

   

  
 

Figure A-17: Alignment and mounting of the quartz cells. 

 

Filling and sealing 

The device is filled by capillarity, and at the end with the help of a vacuum hood. First 

vacuum is made to degas the cell and the liquid crystal (1 hour). The “cell's mouth” is then brought 

into contact with the liquid crystal (GT3-23002 from ©Merck KGaA). To complete the filling, 

one of the apertures is closed with adhesive and the cell is placed in an upright position with the 

open aperture facing upwards and the cell is put into vacuum with some amount of liquid crystal 

in the mouth. After small bubbles have gone from the inside of the cell vacuum is removed and 
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the cell is observed at microscope to guarantee that there is not air inside. If necessary, the process 

is repeated. 

After the cell is filled completely with liquid crystal, the aperture is sealed, and the cell is 

observed under the microscope to see if the liquid crystal alignment is correct. The result is shown 

in Figure A-18. 

  

 

Figure A-18: Inspection of liquid crystal cell. 
 

Connectorization 

The cells are connected with cables and silver epoxy. The final prototypes are shown in 

Figure A-19. 

 

 
 

Figure A-19: Connectorization and final results. 
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