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L. Djouablial:2*, A. Zermane?3t, A. Labbani24#

L University 20 Aout, 1955 Skikda, Algeria
2 LHS, Laboratory of High Frequencies and Semi-conductors, University Constantine 1, Algeria
3 University of BatnaZ2, Technology Department, Algeria
4 University of Constantine 1, Algeria

(Received 03 February 2022; revised manuscript received 18 April 2022; published online 29 April 2022)

The aim of the research, presented in this paper, is to investigate millimeter 3D rectangular metallic
cavity filled with alumina 96 % dielectric substrate (Al2Os) suitable for microwave integrated circuit (MIC),
with 9.4 relative permittivity value, and 0.006 dielectric tangent losses, for the design of small size filters.
The total volume of the structure is 1.45 x 1.45 x 1 mm3. This cavity is considered as a band-pass filter op-
erating in the range of 60 GHz frequency and intended for LTCC (system-in-package applications). In con-
trast, the filter presents an efficient EBG system with a rejection band at — 10 dB of 3.4 GHz within the
frequency band centered at 57 GHz when the cavity is loaded with periodic metallic via (stems) that form
coupled resonators. The choice of the dielectric substrate, metallic via, their dimensions and their type, en-
able to provide optimal characteristics, bandwidth of 4.3 GHz, transmission level of — 21 dB at centered
frequency, low insertion losses of —0.9dB and @ factors. Obtained results are very promising for

V-Band and mm-wave small-cell applications.
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1. INTRODUCTION

Mobile telecommunication devices are ubiquitous,
and their number continues to increase. By most esti-
mates, 50 billion devices will be connected by 2020 [1].
As 5 G telecommunication systems are deployed to
cope with the increasing demand, the need for compact
and efficient millimeter filters is a reflection of the
devices that are becoming increasingly widespread.
However, most of the plans for long-term use involve
the implementation at previously unutilized mm-wave
frequencies. 28 GHz is roughly the most cited frequen-
cy, with slight shifts depending on the country [2, 3].
Some recent works have dealt with increased frequen-
cies and enhanced insertion loss and rejection at these
frequencies, such as M. Ali [4]. Other works done on
microwave filters have been related to improving the @
factor, such as the integration of EBG structure in the
cavity resonator, proposed by Michael et al. [5]. Other
research works based on substrate integrated wave-
guide (SIW) for communication purpose as millimeter-
wave, are presented by [6, 7]. The design of a millime-
ter cavity filter can be based on the choice of the sub-
strate type or the geometrical shape of a circular or
elliptical cavity, the filter design can have very high
performance [8, 9]. A rectangular coaxial feed is used
in the work presented by Wang et al. [10]. In order to
obtain a micro machined cavity resonator, Amari et al.
[11] have presented a theoretical pass-band filter de-
signed by coupled resonators. The high-Q cavity filter
was investigated by SOI-Based RF MEMS tuners [12]
and work presented by Silicon Technology based Eva-
nescent Mode [13].
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In recent years, more sophisticated structures have
been involved to design millimeter-wave filters; these
are based on SIW and parallel coupled resonators, while
others are based on 3D structures [14, 15]. Recent mil-
limeter filters deal with miniaturized structures with
multi-band or multi-mode. However, the manufacture
of such filters remains more and more possible with
new advanced technologies such as LTCC [16, 17].

In this paper, a rectangular small size cavity filled
with alumina 96 % dielectric substrate (9.4 relative
permittivity value and 0.006 dielectric tangents losses),
loaded with silver via holes (with a conductivity of
6.1 x 107 S/m) to create EBG (electromagnetic band gap)
system [18] is investigated. alumina 96 % (Al20s) is one
of the most popular ceramic substrates because of its
excellent properties in terms of heat resistance, high
mechanical strength, resistance abrasion, and low die-
lectric loss. Hence, alumina 96 % substrates are suitable
for thick film applications. This ceramic is the work-
horse of the microwave integrated circuit (MIC) busi-
ness. The aim of our contribution is to design a millime-
ter band pass filter with high resonant frequency, low
insertion losses and good quality factor @ using alumina
96 %. Filter optimization is obtained by a suitable choice
of metallic via dimensions, quantity and arrangement.
The insertion of additional capacitive effects when load-
ing a metallic disk is also studied and compared.

2. THEORETICAL ASPECT

Theoretically for a rectangular cavity (Fig. 1) the
resonance frequency is given by the relationship (1):
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where a, b and [ represent the dimensions of the cavity;
m, n and p represent the mode indices. The empty qual-

ity factor Qo is a measure of the cavity selectivity and is
defined as:

2.1

A

Q, A (2.2)
where fr is the resonance frequency, Af is the band-
width at — 3 dB.

The results of these three methods approximately
coincide. Therefore, around the resonance mode, a cavi-
ty can be represented by a resonant circuit R, L, C. In
the case when the excitation is provided by coplanar
lines, these couplings with sections of these lines can be
indicated by perfect transformers.

The resonant frequency is given by [7]:
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Fig. 1 — The coupled cavity equivalent circuit

(2.3)

2.1 Proposed Excitation and Metallic Disk

The choice of excitation fell on the "Lumped Port",
because in practice the coupling of the resonator with
its external environment is well done due to coplanar
type excitation, etched into the metallization of the
substrate upper face [19]. We therefore use localized
excitation (Fig. 2). The spacing between the two excita-
tion ports is estimated at 0.3 mm.

gConductor |,

a
Lumped port
o

Empty space

2R;

Fig. 2 — Excitation and disk geometrical dimensions

2.2 EBG Cavity Design and Capacitive Effects

We can realize a re-entrant cavity filled with alu-
mina 96 % by adding a metallic via in the centre. In the
case of TM110 mode, electric field is the most intense at
the centre [20]. Fig. 3 shows the study structure.

Theoretically, for a given cavity, each improvement
in the filter selectivity by changing excitation system is
accompanied by increasing losses, and each decrease in
losses leads to a drop in the quality factor of the filter.
Table 1 lists all the proposed structure dimensions. The
idea of periodic vias is chosen here so that it presents
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interesting properties, the periodicity is ensured in two
dimensions, and the structure remains homogeneous in
the third dimension. Additionally, the use of metal for
the realization of periodic structures has several
advantages.

. | Spacing

4

Fig. 3 — Cavity with 32 periodic metal holes and disk plot

Table 1 — Structure parameters and dimensions (mm)

Parameters | Values Parameters Values
A 1.45 \% 0.02
B 1.45 dx 0.6
H 1 dy 0.3
Ho 0.008 H; 0.47
Ro 0.25 R; 0.015
L 0.1 I, 0.13
8x 0.03 dy1 0.13
Sy 0.1 dx1 0.25

In periodic metal structures, electromagnetic waves
will be more strongly disturbed, and an EBG band will
be created. The propagation of electromagnetic waves
in such structures is governed by Maxwell's equations.
The minimum centre-to-centre distance between the
vias in our case is limited at 200 um. Insertion of a
metallic disk into the cavity center that does not entire-
ly cross the substrate will create an additional capaci-
tive effect in the structure [18]. If the electrical series
RLC model is used in localized elements of the resona-
tor, this capacitive effect is added to the capacitance
and inductance representing the resonance (Fig. 4).
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Fig. 4 — Modeling of the capacitive effect on RLC circuit

3. RESULTS AND DISCUSSION

In practice, the load quality factor @r defined at the
resonant frequency is a dimensionless index for
quantifying the resonator selectivity. It must be calcu-
lated from the electrical response in S21 transmission
as follows:
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where the frequencies f1 and f2 correspond to the band-
width taken at — 3 dB and f. is the resonant frequency,
for which the level of losses is minimal.

The empty quality factor Qo is also a dimensionless
index that specified the resonator intrinsic electrical
performance. Typically, an increase in Qo decreases the
insertion losses and optimizes the rejection level. In
this case, Qo can be calculated using the expression:

QL:

1 1 1

e R 3.2
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Qext 1s the external quality factor, it models the excita-
tion system losses:

_ 9 3.3
Qext ‘821(](;) ( . )
and
S - 3.4
= s, (3.4)

To determine the parameters of the cavity filter, it
is sufficient to draw the S parameters as a function of
frequency. Without vias and capacitive plot, it can be
observed from Fig. 5 that the cavity loaded with alumi-
na 96 % is only a band pass filter at — 3 dB of 2.7 GHz,
centered on the resonance frequency of 56.66 GHz of
the first TM110 mode. EM simulation of our resonator
taking into account the assumed substrate properties
and silver conductivity leads to an empty Qo factor
value of 116.

Thus, Table 2 summarizes characteristics of empty
resonator filter. A rejected bandwidth at — 10 dB close
to 3.5 GHz is also observed in the considered band pass
range, which confirms the creation of an optimized EBG
system than the one given in [18]. By creating defects
in the device system, we can also observe interesting
tuning effects of pass band filter with default 3.

Fig. 6 shows the transmission and reflection coeffi-
cients of the cavity loaded by alumina 96 % dielectric
substrate and 32 periodic metallic vias for different
cases, by creating defects in the periodic structure (by
elimination of 4, 8 and 12 vias). The insertion of a me-
tallic via generates the creation of a pass band system
centered at 57 GHz with a band pass at — 3 dB close to
7.5 % and transmission level of about — 21 dB.

S Parameters

58 59 60 61 62

£(GHZ)

Fig. 5 — S parameters of empty resonant cavity
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Fig. 6 — S parameters of alumina 96 % filters loaded with 32
periodic metallic holes

Table 2 — Summary of filter characteristics loaded with alu-
mina 96 %

Resfcgnator center f 56.66
requency
Bandwidth ( 3 dB) Af 5 %
Insertion losses (dB) 1-|S,,(£)]| = 0.9
External quality factor Qext 25.6
Unloaded quality factor Qo 116

Table 3 — Comparison between alumina 96 % and silicon

Material Silicon[18] | Alumina
&r 5.9 9.1
Tangent losses 1.310-3 [0.006

fe (GHz) 42.6 56.6

Af (GHz) 3.6 4.3
Insertion losses (dB) -0.6 -0.9
Qext 23 32

QL 20 26
Rejection band at — 10 dB (GHz) | 0 3.4

For the same dimensions of a cavity, Table 3 sum-
marizes the comparison of filter function characteris-
tics simulation results using alumina 96 % or silicon
[18]. One can see from Table 3 that silicon offers better
filter selectivity with minimal losses, but band pass,
external and loaded @ factors provided by alumina
96 % filter are optimal. Furthermore, the rejection
band of 3.4 GHz at — 10 dB was observed from our re-
sults, which is not the case for results of [18].

The capacitive effect introduced into the functioning
of the cavity modifies its resonant frequencies. We can
observe from Fig. 7 the creation of a multi pass band
system, the first resonance frequency is decreased to
5 GHz with a bandwidth of 3 % at — 3 dB, the second
one remains centered at 57 GHz with a bandwidth of
8 % at — 3 dB. The capacitive reinforcement is therefore
accompanied by an improvement of the @ factor due to
an increase in the loaded quality factor @z, since in this
area the electromagnetic field is extremely concentrat-
ed. Note that the capacitive effects introduced into the
functioning of the resonator will be a function of the
distance between the upper limit of the via and the
upper face of the metallized cavity, as well as of the
surface of disk [18].

02015-3



L. DJOUABLIA, A. ZERMANE, A. LABBANI

S Parameters
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Fig. 7 — S parameters of alumina 96 % filters loaded with 32
periodic metallic holes and metallic disk
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MiniaTiopuuii nopo:xuauuauuii piastp EBG, 3anosrennii rimmaosemom 96 %
IJia mogartkis V-giamasony
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Mertowo mpeacTaBiIeHOl POOOTH € MOCIIIMKeHHsa MiaiMeTpoBol 3D mpaAMOKyTHOI MeTasIeBoi IIOPOKHUHH,
3aI0BHEHO] [IIeJIEKTPUYHOI0 MIIKIANK00 3 rimHodeMy 96 % (Al:Os), mpumaTHOI 1151 MIKPOXBHUJIBLOBOI 1HTET-
pasbuoi cxemu (MIC), 13 3HAYEHHSAM BIJHOCHOI JIieJIEKTPUYHOI IIPOHUKHOCTI 9,4 1 TAHTEHCOM KyTa JieJIeKT-
prunux Brpar 0,006 s TpoeKTyBaHHS MasorabapuTHUX (PpiabTpiB. 3araspHU 00'eM KOHCTPYKINI CTaHO-
BUTH 1,45x1,45x1 mm3. 1151 TOpOsKHUHA POSTIIAIAETHCS IK CMYTOBUM (PLIIBTP, IO IIPAITIOE B I1aTTa30H] YaCTOT
60 I'Tr; 1 mpusHauenwmit s mgomatkiB LTCC (system-in-package applications). Ha Bimmimy Bim 1mporo,
dinbTp npesncrasiisie edextuBHy cucremy EBG 3 peskerropHoo cmyroro Ha piBHl — 10 1B wacroru 3,4 I B
miamadoHi dactor 3 meHtpoMm Ha 57 I'TI, KoM B MOPOKHUHY 3aBAHTAKYIOTHCS MEPIOAUYHI MeTajeBl Ha-
CKpPI3HI OTBOPH, SKI YTBOPIOIOTH 3B'si3aHl pe3oHATOpH. Bubip IieJeKTPUYHOI ITIKJIAIKKA, MeTaJIeBUX Ha-
CKPI3HHX OTBOPIB, IX PO3MIPH TA THUII JO3BOJISIIOTH 3a0€3[EUNTH ONTUMAJIbHI XaPAKTEPUCTUKH, IIPOILYCKHY
anaruicth 4,3 I'T', piBens mepemaui — 21 1B Ha 1eHTpasbHIN YacToTi, HU3bKI BHeceHi Brpatu — 0,9 1B Ta
nmobporuicts @. OTpuMani pe3ynbTaTé € ayse 0araTooOIISIIOUNMIY JIJIsI 3aCTOCYBAHHS y MAJIMX €JIEMEHTaX

V-mianasoHy Ta MM-XBIJIb.

Kirouori ciora: Mimimerposuii dinerp, ['nmuaozem 96 %, Meranesuit Hackpisauit oteip, EBG, V-mianazon.
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