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Abstract—This paper presents the design, implementation and
experimental validation of a bandpass filter for high-data rate
point-to-point link applications at E-band. The proposed design
is developed in multilayer waveguide (MLW) technology, where
an air-filled waveguide transmission line is formed by stacking
several unconnected thin metal plates. Our MLW bandpass
filter is designed by combining low-pass and high-pass filtering
structures, and consists of 19 separate metal layers. An array of
glide-symmetric holes, which act as an electromagnetic band gap
(EBG) structure, are used to prevent any possible field leakage
due to the air gaps between the layers. The fabricated filter
provides a bandpass from 71.5 to 76 GHz with measured return
loss better than 15 dB, and insertion loss better than 1.3 dB. The
investigation of the potential for mass-production, as well as an
evaluation of the MLW filter response for temperature variations
from -30◦C to +70◦C are discussed in this paper. The measured
results show that the MLW filter has a center frequency thermal
stability parameter of 9.3 ppm/◦C, and center frequency drift of
less than 0.12% over the whole temperature range. These results
confirm the advantages of MLW technology for implementing
ultra-compact bandpass filters showing low loss and potential
for being mass-produced at millimeter-wave frequencies.

Index Terms—Backhaul, bandpass filter, electromagnetic
bandgap (EBG), glide symmetry, millimeter wave, multilayer
waveguide (MLW), thermal.

I. INTRODUCTION

Ultra-high data rate backhaul point-to-point wireless links
constitutes a flexible and cost-effective alternative to optic fiber
systems. One of the frequency bands of interest for wireless
backhaul is the E-band, which covers the ranges 71-76 and
81-86 GHz [1]. This particular interval of frequencies can
provide multi-Gbit/s data transfer [2], as well as low atmo-
spheric attenuation of approximately 0.4 dB/km [3]. Filters
constitute an essential passive component in the RF chain of
E-band point-to-point wireless link modules. As the operating
frequency increases, the required manufacturing and assembly
tolerances become very strict. In high frequencies, even a small
discrepancy with respect to the nominal design dimensions and
structure alignment can degrade the component performance.
This is especially critical in the case of filters operating at
millimeter-wave frequency bands and beyond, where toler-
ances can cause bandwidth shift, leakage loss and degradation
of the Q-factor.

An efficient implementation of high-quality and competitive
filter products starts by taking into account some type of
design compensation already in the numerical analysis stage

to counterbalance manufacturing and assembly effects. This
implies a cost in terms of design and simulation time. On the
other hand, using more precise fabrication techniques might
mitigate the tolerance issue and relax the simulation time, but
it increases manufacturing cost. It is, thereby, needed a trade-
off between design/simulation time, and fabrication/assembly
cost to implement high-performance and cost-effective filter
products [4]–[6] with potential to be mass-produced. More-
over, filters with stable response to temperature variations
[7], [8] are of interest to be integrated into millimeter-wave
backhaul wireless modules, which usually operate in outdoor
environments and are exposed to thermal changes.

Chosing a suitable hardware technology to implement filters
that fulfill the strict requirements at millimeter-wave frequen-
cies is a critical task. The use of hollow waveguides offers the
advantages of providing high Q-factors and power handling
capacity, as well as low loss performance. However, waveguide
components are bulky, complex to be integrated with the
remaining circuitry of the RF system and costly to realize at
large scale production due to the precise fabrication method.

Alternative manufacturing methods to the expensive stan-
dard Computer Numerical Control (CNC) milling technique,
like additive manufacturing (3-D printing) [9] and microma-
chining technology [10], have been recently introduced as
potential aproaches to mass-produce highly-efficient waveg-
uide components. An E-band waveguide filter realized by
difussion bonding of laminated thin metal layers is presented
in [11]. Difussion bonding technique provides accurate proto-
typing and precise alignment of split-blocks for implementing
high-performance waveguide components. However, it does
not really constitute a cost-effective solution for large scale
production. Gap waveguide [12] is a promising low loss
technology that can replace hollow waveguides. It shows the
advantages of high integrability and assembly simplicity since
no electrical contact between the building blocks is required.
This is demonstrated in [13] where a complete compact in-
tegrated full-duplex gap waveguide front-end is proposed and
validated. However, the pin texture used as electromagnetic
bandgap (EBG) structure in gap waveguides are more complex
and challenging to manufacture when moving upwards in
frequency. Another option could be to use substrate integrated
waveguide (SIW) [14], [15], which is a planar low-profile
transmission line that preserves the electromagnetic properties
of standard waveguides and can be fabricated with cost-



effective methods. The main drawback of SIW is the inherent
higher insertion loss compared to hollow waveguides due to
the employed substrate material.

A novel air-filled waveguide made by stacking multiple
unconnected thin metal layers and known as multilayer waveg-
uide (MLW), has been proposed and experimentally evaluated
at D-band in [16]. The EBG unit cells on each thin metal
layer with glide-symmetric configuration, suppress all possible
leakage of fields, which simplifies the assembly process. In
[17], a similar approach to implement waveguide components
using glide-symmetric EBG holey structures in split-block
configuration was proposed.

This paper presents the design, numerical simulations and
experimental validation of a very compact and robust E-band
bandpass filter (BPF) implemented in MLW technology. The
viability of mass-production for future commercialization of
MLW components is also discussed in this work. Furthermore,
taking into account the relevance of the performance of filters
when operating at different thermal scenarios, an experimental
evaluation of the temperature dependence of the proposed
MLW filter has been described as well.

II. MLW BANDPASS FILTER DESIGN

The first step towards the implementation of our proposed
MLW filter is to design numerically an E-band filter following
the theoretical approach described in [18]. In the following
subsections, the design procedure is explained and simulation
results are presented.

A. Basic bandpass filter

The design of the BPF is based on combining the response
of low-pass and high-pass waveguide filtering structures. This
configuration provides a more compact size, lower insertion
loss and less tolerance sensitivity than waveguide cavity filters
as the reported ones in [11], [13].

Fig. 1 shows the geometry of the proposed BPF, which
consists of 19 sections. Narrow slots with thickness of 0.2 mm
(t1) provide high-pass filter response, whereas the other sec-
tions with thickness of 0.4 mm (t2) are used for impedance
matching and achieving low-pass filter response. The proposed
filter has a symmetric configuration, where half of the sections
are identical. The high-pass filter functionality is achieved by
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Fig. 1. Configuration of the proposed bandpass filter.

TABLE I
DIMENSIONS OF THE DESIGNED BANDPASS FILTER (REFERS TO FIG. 1)

Parameter Value (mm) Parameter Value (mm)
L1 3.8 W1 2.24
L2 3 W2 2.28
L3 2.3 W3 2.23
L4 2.27 W4 2.21
L5 1.55 W5 2.9
t1 0.2 t2 0.4
slotL 2.15 slotW 0.3

the cutoff of the fundamental TE10 mode of a rectangular
waveguide. The length of the coupling slots (SlotL) is selected
using the formula below:

slotL =
c0

2 · f0
. (1)

where c0 is the speed of light and f0 should be selected smaller
than the lower frequency in the desired bandpass (71 GHz).

In order to achieve a low-pass filtering response, the atten-
uation of the upper stopband is obtained by using corrugation
sections of different heights Li with length of λg , as it is
thoroughly described in [18]. The upper frequency in the
passband response and the rejection in the return loss are
determined by the low-pass structure with longest height L1.
After combining the high-pass and low-pass filtering configu-
rations, the structure shown in Fig. 1 has been optimized using
CST Microwave Studio. The final optimized parameters of the
designed BPF are presented in Table. I. The corresponding
simulation results of the S-parameters are shown in Fig. 2.
It is worthy to mention that we have considered a fixed
thickness for the high-pass (t1) and low-pass (t2) sections
in the designed procedure. This simplifies the fabrication of
the filter by using thin metal sheets as explained in the next
subsection.

B. Packaged BPF using MLW

After implementing the BPF design, the next step is to
realize the filter in MLW technology. By doing this, we

Fig. 2. Simulated performance of the designed BPF with basic waveguide
topology.
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Fig. 3. Configuration of the unit cell with diamond-shaped holes consisting
of five metallic layers. (P = 4 mm, d = 1.8 mm, and h = 0.4 mm)

Fig. 4. Dispersion diagram for the infinite periodic unit cell with 5 metallic
layers (refers to Fig. 3)

simplify the manufacturing and assembly process, as well as
obtain a very compact filter profile.

The waveguide structure is built by stacking unconnected
metal layers of thickness of 0.2 mm and 0.4 mm. These
layers are separated by an air-gap, that can be between 0-
20 µm with a negligible performance degradation. By adding
an EBG pattern around the waveguide openings of each layer,
any possible leakage of fields is avoided. The EBG structure
is made by means of glide-symmetric diamond-shaped all-
through holes unit cells. Fig. 3 shows the geometry of the
glide-symmetric diamond-shaped holes unit cell consisting
of 5 metal layers separated by a small gap (10µm). The
corresponding dispersion diagram of this unit cell has been
numerically calculated by using CST Eigenmode solver, and is
depicted in Fig. 4. As can be observed, the unit cell provides
a stopband over the frequency band from 40 to 100 GHz.
Therefore, all unwanted waves are suppressed within that
frequency band. It should be noted that the stopband of the
proposed unit cell would be the same even if we increase the
number of layers.

We integrate the glide-symmetric unit cells in the 19 metal
sheets used to create the BPF, as shown in Fig. 5. When
stacking all layers together, the total thickness of the resulting
MLW filter is less than 6 mm. The simulated performance
of the MLW filter considering silver as building material is
plotted in Fig. 6. In this result we have considered an air-
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Fig. 5. The proposed multi-layer waveguide (MLW) BPF. (a) 3-D exploded
view. (b) side view of layers. (c) details of layer 9. (d) details of layer 10.

Fig. 6. Simulated performance of the designed MLW BPF.

gap of 10 µm between all neighboring layers. Fig. 6 shows
a similar performance as the simple model of Fig. 2. The
insertion loss is better than 0.9 dB between 71-76 GHz, and
return loss is better than 24.5 dB in the same frequency band.

III. EXPERIMENTAL VALIDATION

In this section, an experimental validation of the perfor-
mance of the proposed E-band MLW filter is presented in
terms of S-parameters and thermal sensitivity evaluation. The
viability for mass-producing MLW components is also briefly
discussed by describing the employed manufacturing method
and the assembly process of the layers that we followed to
build up the MLW filters.

A. Fabrication and assembly

A high-volume fabrication method and automatic assembly
process have been followed and consists of three main steps:



metal panel fabrication, panel attachment/assembly and panel
cutting for filter sample separation.

Each metal layer used to build up the whole MLW filter are
made of silver-plated (5-7 µm plating) brass panels. The de-
sired pattern on each layer are formed by using metal chemical
etching. Chemical etching is a highly accurate manufacturing
process that can produce very precise metal parts with any
desired shape including complex geometries. This technique
is suitable for large scale production due to the flexible and
cost-effective employed etching tools and its shorter lead time.
As it is explained in [16], the fabrication tolerance is around
± 10 − 20% of the metal sheet thickness. This tolerance can
be preliminary compensated in the design, thus reducing the
final manufacturing errors.

A set of 19 panels (total number of layers of our filter) was
fabricated. Each panel contains 12 rows and 18 columns of
the corresponding pattern for each MLW filter layer, thereby
resulting in a total of 216 filter samples. Fig. 7 illustrates
a fabricated panel by metal chemical etching containing the
corresponding pattern for one of the layers of the MLW filter.
Each panel was placed in a fixture, and a dispenser machine
was programmed to apply adhesive epoxy following a certain
path around each sample (see Fig. 8). After securing and
aligning all layers on the fixture, the panels were heated in
an oven to cure the epoxy and achieve proper attachment. The
fixture ensures that the alignment error between the layers
remains below ± 50 µm, which is the maximun misalignment
that we can accept according to our simulations.

The last step of the assembly procedure is to separate the
216 filter samples from each 19-layers panel. For this purpose
waterjet cutting is used to cut out the filters.The final BPF
samples are well defined and have very smooth side walls as
can be observed in Fig. 9.

B. Experimental evaluation and thermal response

Cavity filters are known to be very sensitive to manufac-
turing tolerances and thermal variations, but the approach
described in [18] to implement waveguide bandpass filters
provides less sensitive configurations. The temperature de-
pendence of the proposed MLW bandpass filter has been
evaluated by using a thermal mini-chamber VT 4002, and
Rohde&Schwarz ZVA-Z110E W-band extenders connected
to a ZVA67 Vector Network Analyzer (VNA). The MLW

Fig. 7. Fabricated MLW panel secured on a fixture to ensure alignment.

Fig. 8. Machine dispensing epoxy around the MLW pattern in a certain panel.

Fig. 9. Fabricated MLW filters after water-jet cutting.

filter thermal response has been compared with the thermal
performance of a commercial E-band waveguide filter reported
in [8]. Our measurement setup is illustrated in Fig. 10, and
the measurements of the S-parameters for four temperature
values in the range from -30◦C to +70◦C are plotted in
Fig. 11. Table II shows a summary of the measured results
including the center frequency thermal stability parameter
δf (expressed in parts-per-million per degree Celsius) that
gives an estimation of how stable the filter performance is
in temperature variations. A low value of δf is desired since
it indicates that the filter response shows a low frequency drift
in different temperature scenarios. This parameter is calculated
by using the formula [8]:

δf =
∆f

∆T · fT0 · 10−6
. (2)

where ∆T is the temperature variation, and ∆f is the center
frequency variation in the temperature range under study. The
measured δf of the MLW filter over the entire temperature
range from -30◦C to +70◦C is 9.3 ppm/◦C, which outperforms
commercial resonant cavity E-band waveguide filters as the
one in [8] with center frequency thermal stability of 27.32
ppm/◦C. The obtained relative center frequency shift over
the whole temperature interval for our proposed MWL filter
is 0.12%. When the temperature is +30◦C, the measured
insertion loss is better than 1.3 dB between 71.5-76 GHz, and
return loss is better than 15 dB in the same frequency band.

IV. CONCLUSION

The design, implementation and experimental validation of
an E-band bandpass filter developed in MLW technology has
been presented in this paper. The obtained measurement results
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Fig. 10. Thermal measurement setup.

TABLE II
MEASURED THERMAL PERFORMANCE OF E-BAND MLW FILTER

Temperatures -30◦C 0◦C T0= +30◦C +70◦C
Center frequency (GHz) 74.54 74.51 74.47 74.45
-15 dB bandwidth (GHz) 5.97 5.92 5.91 6.01
|S11| (dB) -17.9 -17.7 -17.84 -17.82
|S21| (dB) -0.93 -0.91 -0.89 -0.89
Center frequency thermal
stability, δf (ppm/◦C) 9.3
Relative center frequency
shift, ∆f (%) 0.12

confirm the capability for realizing low loss and ultra-compact
MLW filters in large volumes. Our thermal measurements
show that the MLW filters are less sensitive to temperature
variations than commercial E-band waveguide filters reported
so far. We should remark that MLW is a flexible technology
that can be applied for designing any type of passive compo-
nent, antennas, and packaging of active circuits.
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