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Abstract—This paper describes a new family of dual-reject-
band filters in rectangular waveguide that uses resonant aper-
tures, and is suitable for narrow-band applications. Reject-
band filters are commonly used to protect from interference in
both communication and earth observation systems. The filter
structure that we propose is based on a simple modification of
the traditional narrow-band reject-band filter. We first describe
the basic dual-reject-band filter structure, then we discuss the
results of a detailed parametric analysis (all relevant data are
provided in the Appendix) to be used as a basis for the filter
design procedure. The design of several dual-reject-band filter
prototypes is discussed in detail, including sensitivity to manufac-
turing errors and high-power analysis. Finally, simulations and
measurements are also compared, showing very good agreement,
thereby fully validating both the design procedure and the new
filter topology that we propose.

Index Terms—Dual-reject-band, narrow-band, pass-band,
reject-band filter, resonant apertures and wide-band.

I. INTRODUCTION

ROAD-BAND receiving systems require the rejection of
B undesired local high power signals with minimal effect
on the rest of the receiver pass-band. As a consequence, reject-
band filters are normally used before low-noise amplifiers.
Fig. 1 shows the block diagram of how a dual-reject-band
filter can be used in broad-band receivers. When the presence
of a high-power interference is detected, the dual-reject-band
filter is inserted in the system using the single-pole, double
throw switches (SPDT). When no high-power interference is
present, the bypass is used instead. In this context, many
different technologies can be used to implement microwave
reject-band filters [1], [2], [3], [4], [5], and many examples
implemented with planar technology can indeed be found in
the technical literature [6], [7], [8], [9], [10], [11], [12], [13],
[14], [15], [16]. However, common problems for all of the
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Fig. 1. Using a dual-reject-band filter in a broadband receiver.

planar structures described in the literature is high insertion
loss, limited rejection in the stopband, and low power handling
capabilities.

On the other hand, reject-band microwave filters imple-
mented in rectangular waveguide technology typically have
low insertion loss and high power handling capabilities. In
the remainder of this paper we will, therefore, focus only on
rectangular waveguide structures.

The most classic implementation of a reject-band filter
in rectangular waveguide is discussed in [3]. Furthermore,
in [17], the design procedure for equal-element stop-band fil-
ters has been proposed for large (as well as for small) degrees
of dissipation, and for any number of resonators. The design
of magnetically tunable stop-band filters using ferromagnetic
garnet resonators has also been proposed in [18].

In [19], a magnetically tunable stop-band filter in rectan-
gular waveguide has been proposed. Also, compact, dual-
mode absorptive reject-band cavity filters have been proposed
in [20], with the objective of obtaining both minimum phase
and elliptic responses. Furthermore, a new procedure for de-
signing stop-band waveguide filters has been described in [21]
and [22], showing how elliptic reject-band filters can be easily
implemented. In [23], a stop-band filter has been designed
using rectangular resonators coupled to the center dielectric
strip of a non-radiative dielectric waveguide.

Moreover, further implementations have been proposed for
the design of rectangular waveguide band-stop filter struc-
tures using E- or H-plane T-junctions loaded by rectangular
irises [24]. Additional contributions describe a new approach
for the synthesis of stop-band filters based on the use of



multimode resonators [25] and [26]. In [27], a non-traditional
approach is discussed for the synthesis of waveguide rejection
cells using a dielectric rectangular post. In [28] and [29], dual-
rejection-band filters have been implemented, where the struc-
tures are built combining dielectric resonators and microstrip
resonators. In [30], waveguide reject-band filters based on
partial height cylindrical metallic posts have been proposed.
Furthermore, in [31] a novel in-line microwave reject-band
and pass-band elliptic and pseudo-elliptic filters have been
designed, using an offset partial-height post in a rectangular
waveguide. Also, in [32] a simple rectangular waveguide
section with two rectangular posts inside is shown to provide
a frequency response with two rejection resonances. More
recently in [33], a novel dual-band stop-band filter based on
suspended stripline with short-ended waveguide stubs has been
proposed.

Additionally in [34], a structure has been proposed using
irises formed by slotted capacitive strips to implement simple
notch filters. Also, in [35] stop-band and pass-band filters
have been designed using stepped conductors, or stepped slots
in irises. Furthermore, in [36] a stop-band filter structure
is discussed, that consists of a rectangular cavity fed by
a coupling slot milled on the broad wall of a rectangular
waveguide. Also, in [37] a new composite left-right handed
structure has been implemented with dielectrics and metal
patches.

Recently, the design of a novel multi-band filters has been
described in [38] and [39], where pass-band and stop-band
waveguide filters have been obtained. Also, in [40], a novel
miniaturized E-plane multiband stop-band waveguide filter has
been implemented.

An additional possibility to implement pass-band or stop-
band filter structures is offered by resonant apertures (RAs).
In [41], for instance, multi-aperture irises in a rectangular
waveguide have been used to build waveguide pass-band
or stop-band filters. Additionally, a new approach for the
design and implementation of microwave filters with single
and dual stop-band is proposed in [42]. Also, in [43] in-line
pseudo-elliptic reject-band filters with non-resonating nodes
(NRNSs) and/or phase shift sections are discussed. Furthermore,
in [44], a compact E-plane waveguide filter structure has been
designed, to couple band-reject cavities to the main rectangular
waveguide in in-line band-stop filters.

More recently, a contribution has shown preliminary results
on how to design dual-reject-band filters in rectangular waveg-
uide based on the use of RAs with a very simple modification
of the classic narrow-band reject-band filter structure [45].

In this context, therefore, the objective of this paper is to
significantly extend the results presented in [45]. In particu-
lar, the additional new topics discussed with respect to our
previous work are as follows:

1) A parametric analysis of the basic unit cell of the dual-
band-reject filter has been added in Appendix, with the
objective of demonstrating how the frequency location
of both the first and second transmission zero (TZs), and
of the return loss zero (RZ), can be controlled.

2) The development of an equivalent circuit model, in
order to support the computation of the initial physical

dimensions of the dual-reject-band filter.

3) Two systematic design procedures. One based on direct
optimization, the other on the use of the equivalent
circuit just developed.

4) A sensitivity analysis of the filter structures to investigate
the sensitivity to manufacturing errors.

5) The high-power analysis of the hardware, in order
to identify the power level at which multipaction is
initiated. The results are also compared with the ones
obtained with a standard single-reject-band filter.

6) The calculation of the unloaded @ in the dual-reject-
band filters, as compared with the one obtained with a
standard single-reject-band filter.

In the remainder of this paper, two separate dual-reject-band
structures are discussed. The first structure that we discuss is
a narrow dual-reject-band RA filter that provides two narrow
band regions of rejection within a pass-band covering from
3.25 to 4.25 GHz, where each rejection band region is at
least 53 MHz wide, and the value of the rejection is greater
than 60dB in the rejection bands. The target insertion loss
in the pass-bands regions of this structure is less than 1
dB. The preliminary performance of this filter has already
been discussed in [45], however, in this publication, additional
details are provided.

The second structure that we discuss is a wider dual-reject-
band RA filter that provides two regions of rejection with three
pass-bands within a wider pass-band, covering from 2.75 to
4.50 GHz, where each reject-band region is significantly wider
than the first example (95 MHz instead of 53 MHz), and where
the value of the rejection is greater than 50 dB in the rejection
bands. Furthermore, the return loss level of the three bandpass
regions is now more than 20 dB. Although it is generally
true that reject band filters tend to be narrow-band, we have
explored also a wider reject band structure because, since the
basic unit cell is novel, we have found it important to explore
the limits of what can be achieved in terms of wider rejection
bands.

Finally, in addition to theory, measured results are also dis-
cussed, showing excellent agreement with simulations, thereby
fully validating both the new filter topologies and the design
procedures that we propose.

II. PARAMETRIC ANALYSIS OF THE BASIC UNIT CELL

In this section, we outline the results of the parametric
analysis of the unit cell of the dual-reject-band (UCDRB)
filter shown in Fig.2. The full set of results is reported in the
Appendix. Fig. 3 shows the simulated response of the structure
in Fig. 2 (from [45]). The unit cell can produce two TZs and
a RZ between the TZs.

The physical explanation of the behavior of this simple
structure is as follows [45]:

« To start, the dimensions of both the resonant aperture and
the vertical rectangular waveguide stub are independently
chosen so that they resonate at the same frequency.

o The vertical stub is then connected in parallel to the RA
to form the basic unit-cell.



Fig. 2. Structure of the unit cell of the dual-reject-band filter [45].
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Fig. 3. Simulated performance of the unit cell of the dual-reject-band filter.

o At the resonant frequency, the vertical waveguide stub
has zero input impedance. As a consequence, the RA is
short-circuited, and the RZ is produced.

o At frequencies that are lower than the frequency of the
RZ, the vertical stub has a negative (capacitive) reactance.
As a consequence, the resonant frequency of the RA is
lowered, and the first TZ is generated.

o At frequencies higher than the RZ, the vertical stub has
a positive (inductive) reactance. As a consequence, the
resonant frequency of the RA is increased, and the second
TZ is generated.

The performance shown in Fig. 3 has been obtained with
the commercial tool FEST3D (v.2023 by AuroraSAT, now with
Dassault Systemes).

The parametric analysis is a necessary step in order to
better understand the relation between the various structural
parameters, and the performance of the basic unit cell. In
this context, we have chosen the standard waveguide WR-229
(a = 58.166 mm and b = 29.083 mm). The typical operating
frequency band for this waveguide is from 3.3 to 4.9 GHz.

The parameters that we have investigated are:

e The width a; of the RA.
o The height b; of the RA.

e The width w; of the resonator.
o The length [; of the resonator.
e The width hq of the resonator.
e The thickness ¢; of the RA.

From the results of the parametric analysis that we have
carried out (see the Appendix for the detailed data), it is
evident that, strictly speaking, we do not have completely
independent control over the three features of the basic unit
cell (namely, the frequency location of TZ1, RZ, and TZ2).
However, our finding clearly indicate that, using optimization,
some modicum of independent control is indeed possible, so
that we do have the possibility of allocating the position of
TZ1, RZ, and TZ2 according to our needs.

III. NARROW REJECT-BAND DESIGN

We first describe the design procedure for the dual-reject-
band filter with narrow rejection bands.

It is important to mention, at this point, that the implemen-
tation and simulation of the narrow dual-reject-band RA filter
has already been discussed in detail in [45]. However, for the
sake of completeness, we will include in this paper only a
brief outline. The procedure we have used is as follows:

1) We first design a unit cell of the dual-reject-band filter
with two TZs (fi; and f3) and one RZ (f3) at fre-
quency locations that are consistent with the required
specifications. This step can be done manually since
the waveguide structure (see Fig. 2) is very simple, and
consequently, the simulation time in low accuracy is very
small.

2) Next, we connect two identical unit-cells with a standard
waveguide section of length L = \/4, at the frequency
of the RZ (f2).

3) We then add additional unit cells to the structure in order
to obtain the desired rejection bandwidths and levels.

4) Finally, we optimize the dimensions a;, b; of the RAs,
and w; and [; of the vertical resonators, and the sepa-
ration between unit-cells L;. The optimization process
is very rapid, since the structure is still very simple and
the simulation is carried out in low accuracy.

This procedure is very effective for narrow reject-band
structures. If we need to design a structure with wider rejection
bandwidths, we need a more structured approach, as described
in the next section. Another important point is that the result
presented in this section has been obtained with a low accu-
racy setting (of the employed full-wave simulation tool cited
before, i.e. FEST3D). The transition from low accuracy to
high accuracy (either using FEST3D or any other advanced
software tool, such as CST Studio Suite) will be discussed in
a later section of this paper.

IV. WIDE REJECT-BAND DESIGN

To design structures with wider rejection bands, it is more
convenient to build first an equivalent circuit (or model), and
to introduce a number of changes in the basic unit cell. These
changes are needed in order to provide additional degrees of
freedom for the final optimization of the filter performance.
In this context, a mixed lumped-distributed model has been
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Fig. 4. Unit cell (E-plane cut) and its equivalent circuit.

found to be more convenient. The basic unit cell and its
corresponding model are shown in Fig. 4. The susceptances
B and B, are not free parameters. Their values are obtained
from [46] (Formula 2a page 307) using the formulas for
the equivalent model of a change in height in a rectangular
waveguide. The actual independent parameters are, in fact,
the changes in heights in the waveguide model. The RA
in the upper port of the T-junction is modeled with the
parallel resonator Lr4 and Cra. The remaining elements
are transmission lines representing the fundamental mode of
the corresponding waveguide. Fig. 5 shows the model of the
complete filter. Cascading modified unit cells leads to the
geometry shown in Fig. 6.

A. Unit Cell Design

To start, let us assume that we know the parameters of
the model in Fig. 4, namely, we assume that we know the
following parameters :

« The input/output waveguide sections: impedances Z1,
Zp2 and corresponding lengths /; and ls.

o The lines connected to the junction. They are symmetrical
and therefore we have two parameters: line impedance 2
and its length ..

e The circuit elements representing the RA: Lra, Cra.

o The resonator parameters: line impedance Zrgs and its
length .

It is important to note that in the above parameters, there
are, in fact, only two parameters that need to be known,
namely, the width and the height of the relevant waveguide
cross section. In the mainline of the structure, however, we
have kept the width of the waveguides (a of the standard
waveguide) constant, and the height is optimized (one variable
per impedance). With this choice, the steps between lines are
capacitive (not resonant). However, when resonators Zrgg are

optimized there is also the freedom to choose the width w and
height h simultaneously (two variables per impedance).

The relation between the geometry of the modified waveg-
uide unit cell and the elements of the model is as follows:

1) The capacitive steps at the input/output of the modified
waveguide unit cell are represented in the lumped ele-
ment model by the shunt susceptances B; and Bs.

2) Between the capacitive step and the junction, we have
a length [.; of uniform rectangular waveguide with
characteristic impedance Z; of width a.s = a and height
bcs. In general, the characteristic impedance of every
transmission line in the model is computed using the
following expression (power-voltage definition):

b
Zo = 2EZTE (D

where Zg is the frequency-dependent modal impedance
of the fundamental mode. A similar procedure has
also been used in [47]. The initial values of the three
parameters are set as follows: a.; = a (not optimized),
bes = b and l.s > 0. The later value (for [.;) with
the additional objective of avoiding a strong interaction
near the junction and, at the same time, simplifying the
fabrication.

3) Next, the shunt combination of capacitor C'r4 and
inductor Lr4 is used to model the RA. The relevant
geometrical parameters are the width ag4, height bga
and thickness ¢ of the resonant aperture (aq, by and t;
in Fig. 2). The values of these parameters are obtained
from the resonant frequency of the aperture fj, and from
the susceptance slope parameter 5 using the following

relationships:
fo= 2a)
" 2nryLraCra
[CRra
B=4— 2b
T (2b)

It is, therefore, irrelevant if we work in the circuit
model with Lra and Cgra or fy and B. We assume
that we have their values, and we have to obtain the
physical parameters of the RA from the circuit model.
The first step is to build an E-plane T-Junction (see
Fig. 7) in an EM simulator (FEST3D in this case) with
the two mainline ports ( (1) and (2) in Fig. 7) with
the dimensions given by Z; (obtained in the previous
step using a.s = a and b.s). The third port (waveg-
uide with dimensions w and h of the resonator cross-
section) is attached to the RA with dimensions ap4,
bra set to an initial value obtained from the needed
resonant frequency. The resonator length is irrelevant
now because we are placing a port instead a short-
circuited resonator. This is very convenient, since the
scattering parameters do not change their module if
the reference planes of the ports are moved. This is
represented in Fig. 7 with dotted lines placed at the
ports. The thickness ¢ is fixed to a convenient value for
mechanical reasons (f = 2mm in this case). Next, ara
and bra are optimized until the scattering parameters



Fig. 5. Lumped-distributed model of the dual-reject-band filter.

Fig. 6. Modified waveguide unit cells cascaded to obtain the EM model of
the dual-reject-band filter with wider rejection bands. This EM model is the
physical equivalent of the equivalent circuit (model) shown in Fig. 5.

(1) 1 2)

Aes =a

Fig. 7. E-plane T-junction front view (left) and side view (right). Ports are
numbered within parenthesis.

(S11, S21 and S31) of the EM model match those of the
circuit model. This optimization is very fast, since only
two variables are involved, namely, aga and bga.

4) With the line of impedance Zrgs in Fig. 4 connected
to the shunt resonator (representing the RA), it is now
possible to design the vertical resonator connected to the
top of the RA with width w, height h and length [.

5) The lines with impedance Zy, in Fig. 5 allow the connec-
tion of the unit cells of the dual-reject-band filter. Since
they are transmission lines, their waveguide equivalents

are obtained directly, together with the rest of the lines
of the circuit model.

B. Design of the Dual-Reject-Band Filter at Circuit Level

This step is carried out optimizing the model shown in
Fig. 5. Of course, we need a good initial point to start the
optimization. Let us assume that the filter specifications are
given in form of two reject bands of BW; and BW5 each
with center frequencies fi and fs, respectively. The algorithm
to establish the circuit model with an initial guess is as follows:

1) The first step is to find the location of the TZs required

to achieve the equiripple behavior within these bands. As
a good approximation, the zeros of the N-th Chebyshev
polynomial in the lowpass domain are used:

2k — )7

=1,...,N
~ } k=1....N O

Qrz, = cos [

The zeros are then moved to the reject bands using the
typical lowpass to bandpass transformation. Therefore

f1 (fszk f1 )
Oy = _ VE=1,... N
2 = BW, fi firz,
(4a)
fo (f2TZ,c P )
Ory = - Vk=1,.. N
T2 = BW, f2 forz,

(4b)

Solving then equations (4) for firz, and forz,, we
obtain the values of the TZs for the first and second
band, respectively.

2) Once the initial guess of the TZs is established, we select
the TZs in pairs. Each par will contain a TZ of each
band. Each pair will be assigned to each unit cell capable
of producing two TZs (one per band).

3) The frequency of the RZ of each cell is selected at the
center frequency of the pass-band. Note that this RZ is
enforced by the line Zrgs (see Fig. 4) at the frequency
when the line is exactly \,/2 in length.

4) The center frequency and slope parameter of the RA in
(2) are selected to achieve the TZs at the frequencies
that we have selected for each cell in step 2). It is
important now to recall the parametric analysis carried
out in section II, because the real structure allows only



TABLE I

VALUES FOR THE ELEMENTS OF THE MODEL IN FIG. 5 0
Celll | Cell2 | Cell3 | Cell4 | Cell 5 ) 20
In/Out bes (mm) || 28.076 | 30.225 | 29.733 | 34.572 | 29.389 e
cell lines lcs (mm) 12.130 | 9.961 | 10.941 | 9.660 | 15.814 % _40
Resonant | Lpra (mH) || 2990 | 8.052 | 12390 | 6.964 | 2936 & :
Apertures | Cra (pF) || 0717 | 0275 | 0175 | 0314 | 0.694 &
I (mm) 72.144 | 85579 | 95.814 | 83.661 | 72.907 _g -60
Stubs h (mm) 26707 | 20917 | 25.898 | 24.622 | 35.432 o - { | || e
a (mm) 52.885 | 48.192 | 47.002 | 47.498 | 51.721 § " : 3 - _gi Sm wBES
Intercell | H (mm) 29.083 | 29.083 | 29.083 | 29.083 ) 'E W |-~ S EM Initia
lines L (mm) 11.634 | 15740 | 17.619 | 11.814 1 (— S EM Initia
-10%.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75
Frequency (GHz)

limited values in the frequencies of the TZs (i.e. the
slope parameter and center frequency of the RA).
Once each individual cell is designed, all cells are
cascaded to obtain the circuit shown in Fig. 5. The
frequency of the TZs are preserved when the cells are
cascaded but the RZs interact with each other. Therefore,
at this point an optimization procedure at circuit level,
is required to obtain an equiripple behavior within the
rejection and transmission bands. This procedure is
very fast since the model is very simple. During the
optimization, the limits found in the parametric analysis
are used to avoid an unrealistic solution during this
stage. Table I gives the values that we have obtained
for the model in Fig. 5.

Finally, when the model of the whole filter fulfills the
specifications, the circuit is disassembled cell by cell.
Each unit cell element is related to the real structure
equivalent using the procedure described in section
IV-A. Following this procedure, the physical structure
of the filter is ready to be assembled, thus obtaining the
initial point for the EM design stage. After few steps of
optimization, the final EM structure is easily obtained.

5)

0)

C. Wide Band Dual-Reject-Band Filter Design Example

To validate our design procedure, we propose to design a
wide dual-reject-band RA filter with three pass-bands between
the rejection bands. Table II shows the specification of the
filter. Fig. 8 shows the response of the wide dual-reject-band
RA filter obtained from the lumped-distributed circuit (AWR),
together with the initial waveguide (FEST3D) model (see
Fig. 5 and 6), respectively. As we can see, the performance of
initial waveguide model is reasonably close to the response
of the ideal lumped-distributed circuit. Fig. 9 shows the
response of the wide dual-reject-band RA filter obtained from
the lumped-distributed circuit (AWR), together with the final
waveguide (FEST3D) model, after optimization. Fig. 10 shows
the geometry of the structure.

As we can see from Fig. 9, the agreement between the
performance obtained with the lumped-distributed model, and
the one obtained with the waveguide model, is very good. We
can now obtain a rejection level greater than 50 dB in the two
rejection bands. The rejection bandwidths are now 95 MHz

Fig. 8. Simulated performance of the lumped-distributed circuit (CM WDRB),
and initial waveguide model (WM) of the five-pole wide dual-reject-band RA
filter, using AWR Design Environment and FEST3D, respectively.
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Fig. 9. Simulated performance of the lumped-distributed circuit (CM WDRB),
and optimized waveguide model (WM) of the five-pole wide dual-reject-band
RA filter, using AWR Design Environment and FEST3D, respectively.

Fig. 10. Structure of the five-pole wide dual-reject-band RA filter with E-
plane T-Junctions.



(lower) and 102.5 MHz (upper) wide. The return loss levels
achieved in the three pass-bands is better than 20 dB.

V. HIGH ACCURACY NARROW DUAL-REJECT-BAND
PROTOTYPE

The narrow dual-reject-band filter structure that we have
designed so far, has been simulated with the commercial tool
FEST3D in the low accuracy (LA) mode. However, we now
need to go from the LA to the HA (High Accuracy) simulation
space. The transition from the LA to the HA space has been
carried out following the same procedure described in [45],
namely, a combination of [48] and the well-known aggressive
space mapping (ASM) procedure [49].

As a verification before manufacturing, we have also simu-
lated the same structure with the full-wave electromagnetic
simulator FEST3D in the high accuracy mode, including
in the HA simulations up to 120 accessible modes, 360
basis functions, and 3600 terms for computing the Green’s
function [50].

To continue, we now note that the narrow dual-reject-band
RA filter structure has already been described in detail in [45],
where we have shown the final structure with rounded corners
in the vertical resonators, and we have given a table with the
final values for all the dimensions. For the sake of space,
we have, therefore, not duplicated in this paper the same
information.

VI. HIGH ACCURACY WIDE DUAL-REJECT-BAND
PROTOTYPE

Next, we discuss the wide dual-reject-band RA filter struc-
ture (see Fig. 11). The transition from the LA space to the
HA space has been carried out following the same procedure
already discussed for the narrow band case.

The specifications for the wide-band structure are given in
Table II. Also in this case, we have replaced the concave
corners of the vertical resonators with rounded corners with
a radius equal to r; = 3 mm, and all concave corners of the
capacitive steps with a radius equal to ro = 1 mm.

The final structure that we have obtained is shown in Fig. 11.
Fig. 12 shows the comparison of the simulated performances
obtained with FEST3D and CST Studio Suite (v.2023, CST
GmbH, now with Dassault Systemes). As we can see, the
agreement is very good. Table III shows the final values for
all structural dimensions. The thickness of the RAs is ¢;, and
all the vertical resonators have the same width as the input
waveguide.

VII. MEASUREMENTS

The dual-reject-band filter prototypes discussed in Sections
V and VI have been manufactured in a clam shell configu-
ration, using a standard computer numerical control (CNC)
milling process. It is important to mention that to obtain the
measurement results, we have used the standard waveguide
calibrations for the WR-229, with the TRL (Through, Reflec-
tion and Line) method. Additionally, the noise floor of the
calibration was about -70 dB.

TABLE I

ELECTRICAL SPECIFICATIONS FOR THE WIDE
DUAL-REJECT-BAND RA FILTER

‘ Parameter Requirement
Center frequency 3.31 GHz
Lower rejection band | Rejection level > 50 dB
Rejection bandwidth | 95 MHz
Center frequency 3.81 GHz
Upper rejection band | Rejection level > 50 dB
Rejection bandwidth | 102.5 MHz
Center frequency 2.95 GHz
Lower pass-band In-band return loss > 20 dB
Bandwidth 490 MHz
Center frequency 3.545 GHz
Center pass-band In-band return loss > 20 dB
Bandwidth 280 MHz
Center frequency 4.2 GHz
Upper pass-band In-band return loss > 20 dB
Bandwidth 636 MHz

Fig. 11. Structure of the wide dual-reject-band RA filter designed with radius
equal to 71 = 3 mm in the vertical resonators, and all the capacitive steps

with a radius equal to rg = 1 mm.
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TABLE III

PHYSICAL DIMENSIONS FOR THE WIDE

DUAL-REJECT-BAND RA FILTER

Section Type

Dimensions (all in mm)

a =58.17
Input Waveguide b =29.083
Linput = Loutput =25
a1 =42.377 as =41.003
Resonant aperture 1-5 b1 =2.078 bs =2.493
t1 =2.000 ts =2.000
Gesy =58.170 | acsy; =58.170
Capacitive Steps 1-5 bes, =28.447 bess =30.480
les; =12.789 | lesy =16.271
w1 =52.833 ws =51.866
Resonator 1-5 hy =25.304 hs =33.050
l1 =73.276 ls =72.456
W1 =58.170 Wy =58.170
Waveguide 1-4 H; =29.083 Hy4 =29.083
L; =6.976 L4 =7.781
az =42.909 ag =42.156
Resonant aperture 2-4 by =6.384 by =6.827
to =2.000 t4 =2.000
Qcsy =58.170 | acs, =58.170
Capacitive Steps 2-4 besy =28.238 | bes, =30.539
les, =10.398 | lcs, =8.729
wo =48.212 wq =47.458
Resonator 2-4 ho =20.886 hyg =24.688
1o =85.924 14 =85.821
Wa =58.170 W3 =58.170
Waveguide 2-3 Hs =29.083 H3 =29.083
Lo =5.378 L3z =8.102
a3 =42.431
Resonant aperture 3 b3 =12.043
tz =2.000
Qcsy =58.170
Capacitive Step 3 bes, =26.841
lesy =11.913
w3 =46.877
Resonator 3 h3g =25.216
I3 =97.690

A. Narrow Dual-Reject-Band RA Filter

The narrow dual-reject-band RA filter prototype has been
described in detail in [45], where we have shown the compar-
ison between measured and simulated responses of the filter.
The reader is therefore referred to [45].

B. Wide Dual-Reject-Band RA Filter

Next, we have manufactured the wide dual-reject-band RA
filter, as shown in Fig. 13. The comparison between measured
and simulated responses are shown in Fig. 14, 15 and 16.

As we can see, the pass-bands are centered at 2.95, 3.545
and 4.2 GHz, the reflection zeros are clearly visible, and the
agreement with the simulation data is excellent. However, the
RL of the third pass-band is slight degraded with respect to
the simulations.

Fig. 13. Manufactured wide dual-reject-band RA prototype in two aluminum
halves (no silver plating).
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Fig. 14. Measurement of the performance of the wide dual-reject-band RA
filter compared with the EM simulation (CST Studio Suite).
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TABLE IV
RESULTS OF THE TOLERANCE ANALYSIS FOR THE NARROW
AND WIDE DUAL-REJECT-BAND RA FILTERS

Filter Type Yield of the Structure

Tolerance 100pum | 20 um | 30 gm | 40 pgm | 50 pm | 70 pm
NDRB RA | 100 % 97 % 91 % 76 % 56 % 35 %
WDRB RA 84 % 57 % 50 % 37 % 24 % 7 %

Furthermore, there is a slight disagreement between the
simulations and the measurements in the out-of-band perfor-
mance, namely, a small shift in the frequency of the rejection
bands. Nevertheless, the agreement between the simulations
and the measurements is good enough to validate both the
filter structure and the proposed design procedure.

The discrepancies are fully justified by the limited accuracy
of the manufacturing process (the manufacturing tolerance was
estimated to be about 50 um). This point has been confirmed
with a sensitivity analysis, as detailed in Section VIII.

VIII. YIELD ANALYSIS

Next, we show the results of the yield analysis that we have
carried out for both the narrow and the wide band filters. For
this purpose, we have used the commercial tool FEST3D to
introduce a random error with a Gaussian distribution in the
filter dimensions.

The sensitivity analysis has been carried out with different
values of the standard deviation, namely, £+ 10, + 20, £+ 30,
+ 40, £ 50 and £ 70 pum. Furthermore, since the pass-bands
of the wide dual-reject-band RA filters have been designed
with a return loss of 20 dB, the threshold value for the yield
estimation has been set to 18 dB. Table IV shows a summary
of the results obtained for the two dual-reject-band RA filters,
where the starting letters N and W in the filter type indicate
narrow and wide band, respectively.

Figs. 17 and 18 show a number of simulations, including
random errors for the dual-reject-band RA filters.
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Fig. 17. Tolerance analysis of the narrow dual-reject-band RA filter.
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Fig. 18. Tolerance analysis of the wide dual-reject-band RA filter.

As we can see from both the simulations and the results in
Table IV, the narrow dual-reject-band RA filter (NDRB RA)
is less sensitive to manufacturing errors in comparison with
the wide dual-reject-band RA filter (WDRB RA). This fact is
also reflected in the measured results that have been discussed
in Section VIIL.

It is interesting to note, at this point, that the result we
just obtained appears to be the exact opposite of what nor-
mally happens for pass-band filters in rectangular waveguide,
namely, the wider the pass-band, the lower the sensitivity to
manufacturing errors. For the reject-band discussed in this
paper, the situation is reversed, namely, the wider the pass-
band, the higher the sensitivity to manufacturing errors.

IX. HIGH POWER ANALYSIS

In this section, we have identified the power (Watts) where
the multipactor effect can be initiated in our filter structures.
This is because the multipactor behavior of the filters is one
of the most important features for space applications [51].
The multipactor simulations have been carried out using
SPARK3D, with the SEY of aluminum (SEY=2.98), and



TABLE V
HIGH POWER ANALYSIS OF THE NARROW
DUAL-REJECT-BAND RA FILTER

TABLE VIII
HIGH POWER ANALYSIS OF THE SECOND STANDARD
SINGLE-REJECT-BAND FILTER

’ Structure Power of the structure (in Watts) ‘ ’ Structure Power of the structure (in Watts)
Frequency RA; RA, RA3 RA,4 RAs Frequency b1 bo b3 by bs
f1 =3.258 GHz | 17.34 3.71 5.82 8.89 65.23 f1 =3.251 GHz 1387 23399 | 297582 | 824830 | > 106
fo=3.357T GHz | 17.97 32.81 20.78 46.48 164.06 f2=3.365 GHz | 681.22 | 192.18 | 223.43 1162 27799
f3 =13.550 GHz | 26079 | 62076 | 36158 | 21399 | > 10°
fa =3.751 GHz 317 38.44 | 2547 33.98 62.11 0
fs =3.872 GHz | 23.28 59.37 | 63.12 | 133.59 | 768.72 ‘ ) A
10 3/ -\ v ;\ f
20 |5 A h L IS .
TABLE VI ) TN g HYAY ; R
HIGH POWER ANALYSIS OF THE WIDE P N ;»7—.@,'
DUAL-REJECT-BAND RA FILTER g i i 1
% -40 : ;
’ Structure Power of the structure (in Watts) ‘ g -50
Frequency RA; RA, RA3 RAy4 RA5; 2 .60
f1 = 2.950 GHz 1275 3875 6725 4950 1875 % 70
fo=3.221 GHz | 16.21 123 987 825 685 8 80
f3 =3.387 GHz | 8699 375 362 175 99
fa=3.545 GHz | 10499 | 95196 | 115500 | 15250 | 75995 90
f5 =3.703 GHz | 33.01 825 1485 4749 631 '102.75 300 325 350 375 400 425 450 475
fe =3.875 GHz | 71.87 53.12 206 114 125 Frequency (GH2)
f7 = 4.200 GHz 1900 10200 | 34350 10400 197
Fig. 19. Measurement of the performance of the wide dual-reject-band RA
TABLE VII filter compared with the reverse ASM procedure.
HIGH POWER ANALYSIS OF THE FIRST STANDARD
SINGLE-REJECT-BAND FILTER
- although the power levels are indeed low, it is important to
’ Structure Power of the structure (in Watts) ‘ . . . .
recall hat the filters discussed in this paper are used in the
Frequency b1 ba bs ba bs front-end of receivers, where the power threshold levels we
f1 =3.252 GHz | 343.75 1312 3224 2171 14624 have Computed are indeed acceptable.
fo =3.343 GHz | 284.36 | 64.84 | 44.14 | 103.9 | 440.61

with the following set of parameters SEY0=0.5, E1(eV)=23.3,
Emax(eV)=150.

Tables V and VI show the power thresholds that we have
obtained for both the narrow and the wide dual-reject-band
RA filters.

As expected, the resonant apertures (RAz and RA;) show
the lowest power threshold at 3.258 and 3.221 GHz, with 3.71
and 16.21 W for the narrow and the wide dual-reject-band RA
filter, respectively.

To further evaluate the high power performance of both
the narrow and wide dual-reject-band RA filters described in
this contribution, we have computed the power thresholds of
two standard single-reject-band filters (SRB Filter I and SRB
Filter II), that have been designed at 3.3 and 3.31 GHz with
a bandwidth of 53 and 95 MHz, and with 60 and 50 dB of
rejection level, respectively. The power thresholds that we have
obtained are shown in Table VII and VIII, respectively.

As expected, the capacitive window b3 = 6.471 mm and
by = 11.153 mm of the two standard single-reject-band filters
show the lowest power threshold values at 3.343 and 3.365
GHz with 44.14 and 192.18 W, respectively. This power level
is indeed higher than the power level allowed by our narrow
and wide dual-reject-band RA filters. In this context, however,

X. TECHNICAL DISCUSSION

In this section, we will discuss some of the technical aspects
(or practical features) of the dual-reject-band filters based on
the RAs that we discuss in this paper.

A. Reverse ASM

In order to better understand the reason for the slight
disagreement between the simulations and the measurements
of the wide dual-reject-band RA filter of Section VII, we
have used a reverse ASM procedure. Namely, we have used
the measured response as a target for the optimization of the
structure in the LA space, in order to obtain an estimate of
the actual dimensions of the hardware manufactured.

Fig. 19 shows the results obtained for the wide dual-reject-
band RA filter response. The in-band performance of the
measurement has been essentially recovered.

Analyzing now the deviations from the desired filter geome-
try, we note that there are errors in excess of 70 microns. With
errors of this order, the measured discrepancy between mea-
surement and simulations is indeed reasonable. This clearly
demonstrates the need for a more accurate hardware manufac-
ture procedure to get a perfect matching between simulated
and experimental results.



TABLE IX
UNLOADED Q OF THE NARROW AND WIDE DUAL-BAND REJECT RA
FILTERS COMPARED WITH THE STANDARD

TABLE X
COMPARISON WITH THE STATE-OF-THE-ART

SINGLE-REJECT-BAND FILTERS Ref. Tec. S/D BW IL Qu Re;j.
Filter Type ‘ Freq. ‘ Unloaded Q ‘ MHa) | @B @
[2] WG S 237 1.3 - 50
RES, RESo RES3 RES4 RES5
[3] WG S 56 1.2 - 50
EEI;B Jrep, oo 5289 5391 5391 5479 [17] WG S 2777 0.25 | 5330 43
ilter furB, 5763 5896 5858 6124 5873
[18] | WG/PL S 7.050 - 1430 25
SRB Filter I fLRB, 9846 10121 10044 9665 9834 [21] WG S 40 _ B 50
SRB Filter Il | furs, 10925 10952 10930 10912 10976 [22] WG S 40 _ B 50
WDRB fLRB, 5514 7459 8573 8144 6436 [23] WG S 60 0.1 - 30
RA Filter furp, | 5837 | 9032 | 10281 | 9768 | 6443 [24] WG s | 12075 | - - 50
SRB Filter II fLRB, 11281 11290 11110 11378 10873 [25] WG S 90 0.32 69 30
SRB Filter IV | fyrp, | 11403 | 11439 | 11464 | 11368 | 11405 [26] WG S 120 0.1 56 20
[30] WG S 140 - - 50
[31] WG S 290 - - 27
B. Calculate Unloaded Q 331 | wemL | D 588 - - 27
Another point of interest is the achieved unloaded Q in the 705 - - 26
dual-reject-band RA filters. (351 | WGPL | S 882 | 007 | - 70
Using the commercial tool CST, we have computed the (391 | WG/PL | S 680 - - 15
unloaded @, of all the resonators of our dual-band filters, o] |worpL | o | 2 oz | s | 2
as well as the @, of reference single reject-band filters in 363 20
rectangular waveguide with the same rejection bands. Table IX (42 WG S 500 - - 20
shows the unloaded Q values of the resonant apertures and [43] WG S 200 - - 36
vertical resonators of the dual-band reject RA filters compared (441 | WG s 560 | 04 - 40
with the ones obtained from the four standard single-reject- 451 | we D 53 <1 | se61 | 0%
band filters (SRB Filter I, SRB Filter II, SRB Filter IIT and 72 57.5
SRB Filter IV), where the SRB Filter I and SRB Filter II have Our WG D 95 <1 | 7473 |
been used for the multipaction study. work 102.5 50
As we expected, the resonant apertures do have, in all cases,
a lower unloaded Q value. However, using standard band-reject TABLE XI

filters, we would need to double the number of filters.

XI. CONCLUSION

In this paper, we have clearly shown the feasibility of using
RAs in the design of both narrow and wide dual-reject-band
filters in rectangular waveguide, with good out-of-band re-
sponse, and with three pass-bands between the rejection bands.
Table X shows a comparison between the results we obtained
and the state-of-the-art showing that our contribution is indeed
unique since we are the only ones to discuss the measured
results of a dual-reject-band filter in rectangular waveguide.
Furthermore, yield and multipaction analyses have also been
carried out. In addition to theory, the measured performance
of two prototypes has also been discussed in detail indicating
very good agreement with simulations, thereby fully validating
the new family of filters that we propose and their systematic
design procedures.

APPENDIX

As we already discussed, the parametric analysis is a nec-
essary step in order to better understand the relation between
the various structural parameters, and the performance of the
basic unit cell.

In this context, therefore, the first parameter that we have
changed is the width a; of the RA. Fig. 20 shows the effect of

PHYSICAL DIMENSIONS FOR THE UNIT CELL OF THE DUAL-REJECT-BAND
FILTER, CHANGING a1 FROM 38.079 MM TO 39.913 MM

Section Type (mm) Resonator Dimensions (mm) ‘

ay = 38.079 wy = 54.549 1 = 62.362
a1 = 38.718 w1 = 56.292 1 = 59.981
a; = 39.000 w1 = 58.170 I3 = 58.000
a1 = 39.495 wi = 60.332 11 = 55.986
a1 = 39.913 w1 = 62.582 1 = 54.340

changing a; from 38.079 to 39.913 mm. As the a; dimension
decreases, the frequency location of the first TZ goes from
3.309 to 3.423 GHz. The other dimensions of the unit cell
have been optimized in order to keep fixed the location of
the second TZ, and of the RZ. Table XI shows the values
for the a1, wy and [; dimensions of the structure. As we can
see, even though, strictly speaking, we do not have completely
independent control over the features of the structure, using
optimization, it is indeed possible to move the location of the
first TZ while maintaining the second TZ and the RZ at the
same frequency location.

It is important to note that a similar optimization procedure,
has been followed to study the effect of changes in all other
parameters discussed in this section.

The second parameter that we have changed is the height
b1 of the RA. Fig. 21 shows the effect of changing b; from
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Fig. 20. Simulated performance of the UCDRB filter, changing a; from
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—~ 1 D
g '.'
s Y
o
ko
?}
2 Si1 by = 1.500 mm
E —] == S;]_l b1:2‘500 mm
g — S11 by = 3.000 mm
== bl = 3.000 mm
-50 -+ -Sy1 by = 4.000 mm
--= S11 by = 5.000 mm
-60
3.00 3.25 3.50 3.75 4.00 4.25 4.50

Frequency (GHz)

Fig. 21. Simulated performance of the UCDRB filter, changing b1 from 1.50
to 5.0 mm.

TABLE XII
PHYSICAL DIMENSIONS FOR THE UNIT CELL OF THE DUAL-REJECT-BAND
FILTER, CHANGING b1 FROM 1.50 MM TO 5.00 MM

Section Type (mm) ‘ Resonator Dimensions (mm) ‘

b1 = 1.500 a1 = 39.465 w; =68.538 [1 =51.264
b1 = 2.000 a1 =39.275 w; =62.665 [ = 54.386
b1 = 3.000 a1 =39.000 w; =58.170 I = 58.000
b1 = 4.000 a1 = 38.883 wj; =55.988 1 =60.349
b1 = 5.000 a1 =38.776 w; =54.787 l; = 61.868

1.5 to 5.0 mm. As we can see, increasing the aperture height
increases the bandwidth of both rejections bands. Table XII
shows the values for the b1, a1, w; and [; dimensions of the
optimized structure.

The third parameter that we have changed is the width w; of
the resonator. Fig. 22 shows the effect of changing w; from
56.755 to 58.390 mm. As the w; dimension decreases, the
frequency location of the RZ goes from 3.594 to 3.699 GHz.
Table XIII shows the values for the wq, a; and [; dimensions
of the optimized structure.

The fourth parameter that we have changed is the length
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Fig. 22. Simulated performance of the UCDRB filter, changing w; from
56.755 to 58.390 mm.

TABLE XIIT
PHYSICAL DIMENSIONS FOR THE UNIT CELL OF THE DUAL-REJECT-BAND
FILTER, CHANGING w1 FROM 56.755 MM TO 58.390 MM

Section Type (mm) Resonator Dimensions (mm)

wy = 56.755 ay =39.775 1 =57.716
wy = 57.541 a1 =39.398 1} =57.761
wy = 58.170 a1 =39.000 ;1 = 58.000
wy = 58.442 a; =38.680 [; = 58.467
wy = 58.390 a1 =38.303 11 = 59.386

Iy of the resonator. Fig. 23 shows the effect of changing [y
from 54.964 to 61.119 mm. As the [; dimension decreases,
the frequency location of the second TZ goes from 3.981 to
4.074 GHz. Table XIV shows the values for /i, a; and w;
dimensions of the optimized structure.

The fifth parameter that we have changed is the height
hy of the resonator. Fig. 24 shows the effect of changing
hy from 20.0 to 35.0 mm. As we can see, increasing the
resonator height increases the bandwidth of both rejections
bands. Table XV shows the values for the ki, by, a1 and [y
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Fig. 23. Simulated performance of the UCDRB filter, changing {1 from 54.964
to 61.119 mm.



TABLE XIV
PHYSICAL DIMENSIONS FOR THE UNIT CELL OF THE DUAL-REJECT-BAND
FILTER, CHANGING [1 FROM 54.964 TO 61.119 MM

Section Type Resonator Dimensions (mm) ‘

Iy =54.964 | a; = 38489 w; = 61.775

I1 =56.411 | a1 =38.781 wi = 59.825

I; =58.000 | a; =39.000 w;=>58.170

l1 =59.219 | a1 =39.238  w; = 56.959

I1 =61.119 | a1 =39.603 w; = 55.476
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Fig. 24. Simulated performance of the UCDRB filter, changing h; from 20.0
to 35.0 mm.

TABLE XV
PHYSICAL DIMENSIONS FOR THE UNIT CELL OF THE DUAL-REJECT-BAND
FILTER, CHANGING A1 FROM 20.0 MM TO 35.0 MM

Section Type (mm) ‘ Resonator Dimensions (mm) ‘

h1 = 35.000 by =5.000 a1 =38454 [ =57.833
h1 = 32.500 b1 =4.062 a1 =38.653 1 =57.882
h1 = 29.083 by =3.000 a1 =39.000 [y =58.000
h1 = 25.000 b1 =2.080 a1 =39.451 [; =57.944
h1 = 20.000 b1 =1.305 a1 =39.806 1 =58.050

dimensions of the optimized structure.

Finally, the last parameter that we have studied is the
thickness ¢; of the RA. Our findings indicate that, decreasing
t1 has an effect that is similar to increasing b;. However, the
effect is not as strong. As a consequence, and for the sake
of space, the detailed data of the effect of ¢; have not been
included.

From the results of the parametric analysis that we have just
discussed, it is clearly evident that we do not have completely
independent control over the three features of the basic unit
cell (namely, the frequency location of TZ1, RZ, and TZ2).
That is, all geometrical parameters of the structure have a
direct effect on the frequency location of the three features.
However, we have also shown that, using optimization, it is
indeed possible to exert a limited degree of control over the
performance of the unit cell.
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