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Abstract—Gap waveguides can provide a cost-effective and
low-loss solution for high frequency transmission line technolo-
gies. This paper introduces a novel electromagnetic bandgap
structure for a gap waveguide operating across the entire E
band, targeting automotive radar applications. The proposed
concept is compatible with cost-effective FR4-based printed cir-
cuit boards, utilizing substrate-integrated hole unit cells. Broken
glide-symmetric geometry is adopted in the proposed approach
to reach wider stopbands and greater adaptability for larger gap
sizes. The final design achieves an average transmission loss of
0.1 dB/cm within the 76− 81GHz frequency band.

Index Terms—EBG, gap waveguides, glide symmetry, PCB
technology, periodic structures, substrate integrated hole unit
cells.

I. INTRODUCTION

Autonomous driving is an emerging megatrend in automo-

bile industry that incorporates large bandwidth radar systems

to detect surrounding objects with high resolution. The recent

allocation of the 76− 81GHz band for these radars in Europe

and the United States has replaced the traditional 24GHz ultra-

wideband. This new spectrum not only allows to distinguish

closely spaced objects, but offers also a higher precision in

their velocity measurements [1], [2].

However, signal transmission from the microchip to the

antenna using hollow waveguide or microstripline technologies

suffers from transmission losses at these frequencies. The

reliability of metallic hollow waveguides decreases due to

the increased risk of gap forming between the joined metal

parts, causing leakage. Whereas, microstrip lines, although

advantageous due to their low cost, experience dielectric and

radiation losses [3]. Instead, gap waveguides, using electro-

magnetic bandgap (EBG) structures, offer a promising alter-

native. Their stopband property effectively prevents leakage,

and the majority of the waves propagate through the hollow

cavity of the waveguide channel [4].

It has been demonstrated that EBGs based on glide sym-

metry can achieve wider bandgaps. These periodic structures

possess higher symmetries, remaining invariant under both

reflection and translation by half a period. Examples of such

structures include pins, holey, or corrugated metallic surfaces

[5]. As explored in [6], breaking the glide symmetry can

further manipulate the dispersion diagram by shifting the

modes that create bandgaps to different frequency ranges.

The automotive market requires solutions which are cost

effective and easy to manufacture in large volume. Therefore,
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Fig. 1. (a) Gap waveguide featuring an EBG row on each side and a parallel
plate waveguide channel with air cavity. (b) Broken glide-symmetric unit cell
of the EBG repeated along y axis. The materials are annealed copper (yellow)
and FR4 (red and green). The geometrical dimensions are W = 3.1mm, L =

10mm, width and length of waveguide channel, respectively; h = 450µm
substrate height, g = 50µm gap height, P = 1mm cell-size period; d is the
via diameter and s the via to via distance.

to enhance cost-effectiveness, printed circuit board (PCB)

technology can be employed to imitate metallic structures

using via holes and patches. These are known as substrate-

integrated hole (SIH) unit cells [7]. Unlike substrate-integrated

waveguides (SIW) [8], which rely on closely spaced through

vias to prevent leakage, SIH approach leverages the stopband

properties of unit cells. Previous studies in [9] and [10]

have demonstrated that these cells can create a stopband,

making them promising for this application. However, the

glide-symmetric implementation in [9] operate at frequencies

below E band. Whereas, [10] is a non glide-symmetric solution

that can reach 83 − 100GHz stopband, but designed with a

350µm gap filled with air which poses challenges for multi-

layer PCB manufacturing.

Therefore, to address the challenge of feeding the antenna

from the microchip, this paper introduces a novel gap waveg-

uide structure shown in Fig. 1a, operating across the entire

E band, i.e. 60 − 90GHz. The proposed design is suitable



for a multilayer FR4 PCB technology and employs SIH unit

cells that breaks the glide symmetry (see Fig. 1b) to widen the

stopband.

II. UNIT CELL DESIGN

This section presents the fundamental SIH unit cell structure

based on the common design parameters shown in Fig. 1b.

Subsequently, it compares the performance of glide-symmetric

and broken glide-symmetric configurations depicted in Fig. 2.

These designs are engineered to create a stopband that in-

cludes the 76− 81GHz frequency range and covers the entire

irreducible Brillouin zone. Dispersion diagram simulations in

Figs. 3 and 4 are performed with an eigenvalue solver using

periodic boundary conditions on x and y directions and perfect

electric conductor (PEC) on z axis.

Each unit cell features top and bottom components, each of

which is a substrate of height, h, coated with etched copper

layers. The vias are placed as a cross on the top, and 2D

glide symmetry is applied at the bottom, meaning that mirror

image of the top part is shifted by half a period P on x and y

directions [5]. Vias at the edges are shared between adjacent

unit cells to reduce via consumption. To minimize the radiation

losses through the spacing between via holes, the via diameter

d and the spacing distance s are determined according to [8].

The top and bottom parts are separated by a central substrate

of thickness g = 50µm, the thinnest commercially available

option [11]. All cells have periodicity P = 1mm, and utilize

the default FR4 material (ϵr = 4.3 and tan δ = 0.025).

Regarding all these fixed parameters, the unit cell height, h,

is used to adjust the stopband for the desired band.

The glide-symmetric version in Fig. 2a has a height

h = 200µm, resulting in a central frequency of 79.8GHz with

a 31.4% fractional bandwidth between modes 4 and 5, as

shown in Fig. 3a. To break the symmetry, the via pads in

glide-symmetric design are connected with a copper strip of

width r. It is placed at the bottom part only, as shown in

Fig. 2b, creating a square aperture in the inner copper layer.

This modification forms a stopband between mode 3 and 4

in the dispersion diagram (Fig. 3b). The former experience

a decrease in frequency, while modes 4 and 5 shift to even

higher frequencies compared to the glide-symmetric version.

This leads to a 64.4% fractional bandwidth with a mid bandgap

frequency at 83.8GHz while maintaining the same dimensions

as in glide symmetry.

Smaller gap size, g, increases the stopband as depicted in

Fig. 4. That is why the thinnest substrate available is used in

our analyses to test the stopband band capability of unit cells.

However, larger gaps leads to reduced manufacturing costs

and improved precision. In Fig. 4, we notice that this new cell

becomes much more robust and adaptable to manufacturing

process enduring a stopband despite bigger gap sizes.

Furthermore, by increasing the height, h, of the broken

glide-symmetric cell to 450µm (Fig. 2c), the stopband can

be expanded. This enhancement yields a 98.7% fractional

bandwidth centered at 72.7GHz (Fig. 3b), encompassing not
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Fig. 2. Three unit cell configurations visualised with individual parts
separated: (a) a glide-symmetric unit cell with h = 200µm, (b) a broken
glide-symmetric configuration with the same dimensions as in (a), and (c)
broken glide symmetric unit cell with h = 450µm, as shown in Fig. 1b. The
red substrate in the middle has a thickness g = 50µm; r is the width of inner
copper layer to break the symmetry.
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Fig. 3. Dispersion diagrams of glide symmetric (a) and broken glide
symmetric (b) unit cells in Fig. 2. Stopbands of Fig. 2a and 2b are indicated
with solid black region. Whereas for Fig. 2c gray stripes are used. Only the
modes contributing to the stopband are displayed for the latter unit cell.

only the E band but also the U (40 − 60GHz) and W

(75− 110GHz) bands.

Overall, broken symmetry gives more flexibility in the gap

waveguide design as well as it can provide a high stopband

performance in any propagation direction. Unlike previous

research [6] where breaking the symmetry resulted in a stop

band divided in two, in our case it got significantly larger.

III. GAP WAVEGUIDE DESIGN AND RESULTS

Gap waveguide design in Fig. 1a consists of two parallel

plates, separated by a hollow cavity, with EBG structures



Fig. 4. The evolution of the stopband with respect to the gap size, g, in both
broken glide-symmetric (Fig 2b) and glide-symmetric (Fig. 2a) unit cells of
identical dimensions. Frequency values of mode 4 and 5 in glide symmetry are
calculated at Γ and M points of the Brillouin zone, respectively. For broken
glide symmetry, it is at Γ only. Their stopbands are defined at these points
according to Fig. 3.

placed on either side. These EBGs are formed by repeating

one row of either a glide-symmetric unit cell in Fig. 2a or a

broken glide-symmetric unit cell in Fig. 2c along the direction

of wave propagation. Due to space constraints in automotive

applications and to reduce computational time, we limited

the EBG length to 10 unit cell periods in our analysis. As

expected, longer EBGs increase transmission losses, as can be

noticed in Fig. 5.

Simulations are done in E band frequency range using a

time domain solver and include material losses. TE10 wave is

excited with a waveguide port placed at the air cavity with 3.1

mm width (WR12 waveguide) to ensure a cutoff frequency

below E band. The height matches with unit cell’s height

without outer copper layers.

Results of gap waveguide based on broken glide symmetry

presented in Fig. 6 aligns with predictions in the disper-

sion diagram. It achieves a transmission coefficient exceeding

−0.1 dB throughout the 76 − 81GHz band despite lossy

materials and only one row of EBG. Furthermore, it remains

above −0.2 dB throughout the E band with a reflection coeffi-

cient below −25 dB. Its transmission losses are calculated by

averaging the difference between transmission coefficients for

various lengths depicted in Fig. 5. They are 0.092 dB/cm for

76− 81GHz frequency range and 0.105 dB/cm for E band.

To highlight the presented solution performance, we com-

pare losses per unit length with similar metallic waveguide

and SIW structures. Therefore, the same calculations are

done for a hollow WR12 waveguide constructed from 35µm

thick annealed copper, a standard thickness used in PCBs.

Additionally, a SIW waveguide is realized in standard FR4

material, with WR12 dimensions and equally spaced via rows,

each with a diameter of 200µm and separated by 400µm.

This study shows that the waveguide achieved a loss of

0.02 dB/cm at 76 − 81GHz band. Consequently, for shorter

lengths, the gap waveguide performance closely approaches to

an actual waveguide. On the other hand, the SIW was resulting

in a loss of 3.08 dB/cm at 76−81GHz. Due to FR4 high loss

tangent and permittivity, SIW has greater transmission losses

Fig. 5. Transmission coefficient of the gap waveguide (Fig 1a) based on
broken glide symmetry for lengths, L, ranging from 10 to 40mm. The
76− 81GHz band is emphasized in green.

Fig. 6. Transmission (S21) and reflection (S11) coefficient of the gap
waveguide in Fig 1a with L = 10mm using glide symmetric (Fig. 2a) and
broken glide symmetric (Fig. 2c) configurations. The 76−81GHz frequency
range is highlighted in green.

compared to the other two designs.

Regarding glide symmetric version, in Fig. 6 we observe

narrowband regions with S21 values higher than −1 dB.

Despite low reflections, transmission coefficient drops below

−1 dB at 66.5GHz. This indicates that the EBG cannot fully

suppress propagation and leads to leakage, which aligns with

its dispersion diagram. Nevertheless, the optimal performance

occurs at 89GHz, deviating from the intended design range of

76− 81GHz due to reflections around 74GHz.

Overall, the proposed gap waveguide solution showcases

the potential of SIH cells for achieving higher operating

frequencies. We can demonstrate that broken glide symmetry

outperforms the glide symmetric version with transmission

coefficient values over −0.2 dB across the entire E band.

Moreover, it exhibits significantly lower transmission losses

than SIW with its air-filled cavity and achieves a performance

comparable to a copper hollow waveguide with 0.072 dB/cm



difference, despite the use of standard FR4 material as basis

material.

IV. CONCLUSION

In this paper, we have demonstrated that reaching E band

frequencies is possible with an FR4 PCB gap waveguide

structure to address the current demand in automative radar

technology. Despite using lossy materials, the simulations of

our proposed gap waveguide has shown a transmission loss of

0.1 dB/cm across the 76− 81GHz band.

Furthermore, we have shown that EBGs based on SIH unit

cells with broken glide symmetry have better performance,

allowing them to suppress all modes across U, E and W

bands, regardless of propagation direction. These cells are also

capable of maintaining a stopband for gap sizes more than

500µm making the design adaptable to manufacturing.

Therefore, this innovative concept provides a cost-effective

solution for high-frequency applications offering an alternative

to other transmission line approaches. Its performance makes

it a promising candidate to provide effective structures for

automotive radar technology.
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