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Abstract—Wedge-shaped waveguides present a certain advan-
tage with respect to rectangular waveguides regarding their
resistance to multipactor discharges. In this paper, the optimal
configuration for the wedge geometry is investigated based on
theoretical results, a precise multipactor prediction tool and pre-
vious experience. In addition, design rules are presented,which
allow to achieve comparable electrical performances of wedge-
shaped filters to rectangular waveguide filters, whilst at the same
time improving the multipactor-free power range. As a proof of
concept, two three-pole bandpass filters with equivalent electrical
characteristic of 150 MHz bandwidth, centered at 12 GHz (Ku
band), and the same Q factor have been designed, manufactured
and tested. The first design is based on conventional rectangular
waveguide technology, while the second one has non-parallel
broadside walls (wedge-shaped cross section). The multipactor
power threshold and RF performance of the filters have been
measured in order to validate the improvements achievable
employing wedge-shaped resonators.

Index Terms—Bandpass filters, circuit synthesis, microwave
filters, multipactor, space technology, vacuum breakdown.

I. I NTRODUCTION

RECTANGULAR waveguide filters widely used in space-
borne hardware are prone to suffer multipactor (MP)

discharges [1], [2] in high power applications. As a conse-
quence, the electrical signal transmission may be compromised
and even physical damage may occur to the hardware. Prac-
tical examples can be observed at multiplexer ports, antenna
feeds and amplifier outputs on-board communication satellites.
Thus, costly MP testing is often needed for certifying the
flight qualification of all power-critical space hardware, and
therefore power limitations have to be set to avoid risks.
As an alternative, “wedge-shaped” waveguide cross sections
as the one in Fig. 1 have a higher resistance to MP RF
breakdown [3]–[6]. The wedge-shaped topology is composed
of symmetrically inclined top and bottom walls and straight
vertical side-walls (see Fig. 1). Hence, the height of the
waveguide changes linearly from the narrow side-wall to the
broad one [7]. For inclination angle (α)-values between0◦ to
60◦, the electrical properties of the fundamental mode of the
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Fig. 1. Cross-section view of a wedge-shaped (black-solid line) and a
rectangular waveguide (red-dashed line) with the same cross-section area.
Shaded in green, region within the wedge-shaped geometry with trapped
electron trajectories.

structures are similar to the rectangular waveguide ones, which
poses the question whether they might be interchangeable in
certain applications. However, the inclination between the top
and bottom walls can perturb the MP resonance behavior [5],
[6], which is the main advantage sought with respect to a
rectangular geometry. We define a wedge-shaped waveguide
as a microwave transmission line with such a constant cross
section in the propagation direction. At60◦, the cross section is
similar to an equilateral triangle, with a considerably different
fundamental mode [8]. Hence, inclinations of60◦ and above
are less interesting for this study.

In [6], software tools that allow us to perform the RF design
and analysis but also to perform a MP analysis of wedge-
shaped waveguide were presented, which have been integrated
into FEST3D (Full-Wave Electromagnetic Simulation Tool)
[9]. An electromagnetic solver that implements the Boundary
Integral - Resonant Mode Expansion (BI-RME) method [10],
[11] allows to calculate the electromagnetic fields in any
wedge-shaped geometry. A design synthesis method [12], [13]
was adapted to allow deriving dimensions of bandpass filters
with arbitrary wedge-shaped geometries. Additionally, a MP
prediction tool was implemented based on the computation
of the effective electron trajectories. This allows to analyze
the secondary electron growth in the device, and to provide
a prediction of the MP discharge risk [5]. A preliminary
attempt to use these techniques for designing a hardware filter
prototype was reported in [6], and an enhancement of1 dB in
the MP RF threshold value was determined by test. However,
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neither rigorous design guidelines were available, nor wasit
known how to achieve optimal power handling capabilities.

In this paper, new concepts are applied to the design
procedure in order to reach a substantial enhancement of
the MP behavior of wedge-shaped filters. First, a parametric
analysis is performed in order to derive the optimal inclination
angle for the wedge-shaped topology. Moreover, the width of
the inner stages of the filter is increased so that the out-of-band
response of the filter becomes comparable to the rectangular
one. Refinements of the manufacturing process are proposed
in order to cope with the additional complexity of the wedge-
shaped topology. Finally, a three-pole bandpass filter centered
at 12 GHz (Ku band) with150 MHz bandwidth and a wedge-
shaped cross-section geometry has been designed and two
copies of it (one with gold plating, the other in bare alu-
minum) manufactured in ESA-ESTEC, The Netherlands. As a
reference for performing a comparative study, an equivalent
rectangular waveguide quasi-inductive filter with the same
electrical behavior and Q factor has been designed as well
(a gold-plated and an aluminum version were manufactured).
The four devices have been tested in the Payload Systems
Laboratory at ESA-ESTEC, thus verifying the predicted im-
provements in terms of MP free range. Such verification is
useful for increasing the maturity of this technology for a
potential application in space.

The paper is organized as follows: Section II presents the
steps leading to the optimized design of wedge-shaped filters,
namely the choice of the inclination angle in Section II-A,
the improvement of the out-of-band response in Section II-B,
and the solution of some mechanical manufacturing issues in
Section II-C. The manufactured bandpass filters, which take
into account all these issues, are presented in Section III.
Section III-A includes the specifications and the physical de-
scription of the filters, and the measurements of the frequency
responses are shown in Section III-B. In Section III-C, the
focus is set on the MP prediction techniques applied to these
filters, and they are compared with the MP threshold measure-
ments obtained in the laboratory. Section IV summarizes all
design rules derived and applied to the hardware presented in
this paper, and discusses the potentials of this new waveguide
geometry.

II. W EDGE-SHAPEDGEOMETRY STUDIES

A. Inclination Angle

The selection of the most suitableα-values between the
top and the bottom plates (see Fig. 1) is an essential design
criterion for the wedge-shaped filter. Considering an operating
frequency of12 GHz, a reference rectangular waveguide with
width a = 19.05 mm (WR75) and heightb = 6.26 mm
has been chosen. This particular height value is equal to the
average height of the wedge-shaped waveguides applied in the
filter design (described in Section III-A), hence it appeared to
be a better choice for comparison purposes than the standard
WR75 height. Keeping the width constant and an equal cross-
section area (i.e. the average height of each wedge-shaped
waveguide isb = 6.26 mm), as in Fig. 1, several waveguide
cross sections with a sweep of inclination angles between0◦

and 60◦ can be obtained by selecting the appropriate values
of h1(α) and h2(α). Note that this is only possible up to
α ≈ 35◦ for the given reference waveguide dimensions.
A lower boundaryh1,min ≥ 0.2 mm has been set due to
manufacturing constraints. Once it is reached, higherα-values
result in average heights larger thanb and consequently larger
cross-section areas. Hence, the inclinations over35◦ are not
exactly comparable with the rectangular case, but they are kept
in the analysis for completeness.

In a first step, for each wedge-shaped cross section, a
region is identified within where free electrons could follow
a resonant path between the top and bottom inclined walls.
The necessary condition to enable such a resonant path is that
the excited electromagnetic fields generate a Miller force that
exactly compensates the centrifugal effect experienced bythe
accelerated free electrons [4]. More precisely, [4] proposes
an equation to determine such a region in annular-section
waveguides. Annular-section waveguides have a cross section
formed by a circular sector delimited by an inner and an
outer arc with radiiR1 and R2. The inner and outer radii
would correspond to the side-walls of the analogous wedge-
shaped waveguide. Following this approach, a disk of potential
critical radii, with boundariesRcrit,min andRcrit,max (R1 <
Rcrit,min < Rcrit,max < R2), can be identified. Assuming the
validity of the analogy between the annular-section and wedge-
shaped waveguides [5], we identify a disk area delimited by
the critical radii close to the center of the wedge-shaped cross
section (see green highlighted region in Fig. 1). Electrons
launched from the top or the bottom walls of this area are
likely to get trapped in the mentioned resonant trajectories,
thus enabling the possibility of a sustained electron growth.
A voltage distribution can then be calculated for the different
radii of the critical region [5], [6] by means of a line integral of
the electric field following an arc of circumference delimited
by the wedge top and bottom walls. An arbitrary input power
can be selected for calculating the voltage, which in this case
is equal to1 W. MP simulation results presented in [5] show
that the most sensitive radius to MP discharge effects is located
close to the position of the calculated region with a higher
radius. Following this procedure, the voltage in the estimated
critical radius has been plotted (dark-blue-solid curve) for all
wedge-shaped waveguides considered in this study, as it can
be seen in Fig. 2.

The boundaries of the trapped trajectory region (as indicated
by the green rectangle in Fig. 1) are depicted in Fig. 2 as green-
dashed curves, assigned to the right axis. The limits are always
on the negative side of thex-axis, i.e. closer to the narrow side-
wall [5]. The green-dotted line in Fig. 2 presents the position
chosen for the calculation of the voltage where the maximum
MP discharge is expected. The grey-shaded region shows the
α-values for which the average height exceeds the value of
b. The voltage curve shows a minimum value forα ≈ 30◦,
which means that the trapped electrons of this wedge-shaped
waveguide will experience the smallest voltage values of all
simulated cases. Hence, it is expected that the wedge-shaped
waveguide with this inclination angle is the most resistant
to MP discharges. Consequently, an inclination ofα = 30◦

has been chosen for the optimal design of a MP resistant
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Fig. 2. Voltage (for1 W RF input power) in the critical MP radius for
all the wedge-shaped waveguides considered in the inclination angle sweep:
constant widthaWedge = a and, whenever possible, constant cross-section
area. A reference rectangular waveguide with dimensionsa = 19.05 mm
and b = 6.26 mm has been selected. Operating frequency12 GHz. Green
curves are assigned to the right axis and represent the location of the trapped
trajectories region.

Fig. 3. Mode chart of a rectangular waveguide. Cutoff frequencies of the
different modes in terms of the ratio between the heightb and the widtha.

wedge-shaped waveguide bandpass filter. This is different to
[6], where the angle was19◦. Experimental MP measurements
verify the expected performance improvement, as it will be
shown later in the paper.

B. Out-of-band Frequency Response

In rectangular waveguides, a typical design criterion aims
for minimal losses for a given operating frequency. This is the
case when the rectangular cross section tends to be square,
i.e. b/a → 1. At the same time, it is wished to have a
broad monomode frequency range. The operating frequency
is usually chosen slightly above the cutoff frequency of the
fundamental mode. The difference between the operating
frequency and the one of the second order mode determines
the monomode bandwidth. As it can be seen in Fig. 3, for
values of b/a ≤ 0.5, the cutoff frequency of the second
order modeTE20 keeps a constant value. Ifb/a > 0.5,
the TE01 mode becomes the second order mode, and the

Fig. 4. Cutoff frequencies of the first two propagating modesof a wedge-
shaped waveguide inclination angle sweep: constant widthaWedge = a and,
whenever possible, constant cross-section area. Values are compared to the
ones of the reference rectangular waveguide with dimensions a = 19.05 mm
andb = 6.26 mm.

monomode bandwidth systematically decreases with theb/a
ratio. Therefore, the optimal size ratio is0.5, since it offers the
less possible losses without sacrificing monomode bandwidth.

A similar cutoff frequency analysis can be done for wedge-
shaped waveguides. In order to allow a direct comparison with
the reference rectangular waveguide, the same approach fol-
lowed in Section II-A (but considering wedge-shaped waveg-
uides with inclination angles up toα = 90◦) has been re-
used here. The shape of the electromagnetic fields of the first
two propagating modes and their cutoff frequencies (fC(1)
and fC(2)) were analyzed, and the results shown in Fig. 4
(magenta solid and orange dashed curves) over the inclination
angle. As a reference, thefC(1)rect and fC(2)rect of the
corresponding rectangular waveguide were also plotted (brown
dotted and green dash-dotted curves). The indices 1 and 2
are dynamically assigned to the first two propagating modes,
in terms of the ascending cutoff frequency value order. We
can observe that there are relatively sudden changes in the
slopes of the curves: atα ≈ 30◦ for fC(2)wedge, α ≈ 50◦ for
fC(2)rect andα ≈ 60◦ for fC(1)wedge, caused by changes in
the mode order. For small inclination angles (α < 35◦), the
wedge-shaped waveguide fundamental mode has aTE10-like
electric field pattern, and also similarfC values to those of
the rectangular one. For35◦ < α < 60◦, the field patterns
have a stronger distortion with respect to theTE10, and the
differences betweenfC(1)wedge andfC(2)wedge are gradually
reduced to zero. This point is reached atα ≈ 60◦, which
corresponds to a cross section with equilateral triangularshape
[8]. Within the range ofα-values of Fig. 4, and especially
for α < 30◦, it can be stated that the first two propagating
modes of the wedge-shaped waveguide have a similar behavior
to the rectangular waveguide ones. However, the wedge-
shaped cutoff frequencyfC(1) is consistently higher than the
rectangular one for the range of interest. This would have a
negative effect on the design of the filter resonators, sinceit
shifts the filter repetition band closer to the pass-band [6].

A solution to avoid this problem is to gradually adapt the
wedge-waveguide widthaWedge 6= a in order to obtain afC(1)
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Fig. 5. Cutoff frequencies of the first two propagating modesof a
wedge-shaped waveguide inclination angle sweep: constantcutoff frequency
fC = 7.869 GHz and, whenever possible, constant average height. Values are
compared to the ones of the reference rectangular waveguidewith dimensions
a = 19.05 mm andb = 6.26 mm. Solid blue curve represents the values of
aWedge.

equal to the one of the reference rectangular waveguide for
each givenα-case. The average height of the waveguide is
still kept equal to the rectangularb. The result of this exercise
is shown in Fig. 5. The solid blue line represents the required
variation of the width with the inclination angle (assignedto
the right-hand side axis of ordinates). Its value is always higher
than in the rectangular waveguide case (α = 0◦), reaching
a maximum value between30◦ and 40◦. The criterion of
equal cross-section areas cannot be kept here anymore, but the
average gap has been chosen as the preferred criterion for the
comparison. The differences in the cross-section values keep
in any case small, since the variation in theaWedge-values is
less than15%. For the particular analysis of Fig. 5, it must be
noted that the maximum applicable angle is around37◦, since
otherwise more than one mode would be able to propagate at
the working frequency of12 GHz for the chosen waveguide.
The reduction in the monomode bandwidth can be however
acceptable forα < 30◦.

The analysis of the voltages in the electron trapped trajecto-
ries of Section II-A can be then repeated for the new approach
of keeping a constantfC, since it seems to be more convenient
for wedge-shaped filters (see Fig. 6). Taking into account that
both plots (Fig. 2 and Fig. 6) are represented with the same
axes, the main difference is that the voltage curve experiments
a deeper minimum here. This is due to the fact thataWedge is
increased gradually withα, which increases the cross-section
area and reduces the voltage for the same normalized input
power. The most important conclusion is that the minimum
still lies at 30◦.

Combining the results from this and the previous section, it
can be concluded thatα = 30◦ is the most convenient angle
for designing a bandpass filter with a wedge-shaped topology
that has an optimal MP behavior, while keeping the electrical
performance of the rectangular reference case.

Fig. 6. Voltage (for1 W RF input power) in the critical MP radius for all the
wedge-shaped waveguides considered in the inclination angle sweep: constant
fC and, whenever possible, constant average height. A reference rectangular
waveguide with dimensionsa = 19.05 mm andb = 6.26 mm has been
selected. Operating frequency12 GHz. Green curves are assigned to the right
axis and represent the location of the trapped trajectoriesregion.

C. Manufacturing Issues

Waveguide filters are usually manufactured in two halves,
which are typically joined together with screws. The junction
plane is the cut where the internal cavities of the filter make
contact, which is essential for the correct electrical behavior
of the device. The pressure plane is the cut where the screws
that mechanically hold both halves together make contact. In
rectangular waveguide filters, it is common that both junction
and pressure plane are the same one, so that increasing the
pressure on the screws will directly translate in junction plane
pressure, avoiding potential electrical contact problems. How-
ever, when manufacturing a wedge-shaped filter, an important
aspect is the additional complexity of having non-parallel
top and bottom walls, which are also not perpendicular to
the vertical side walls. One possible solution for the wedge-
shaped case is to drill the wedged cavity shapes in one
single metallic block, and use a simple flat metallic plate for
closing the structure. This solution almost divides by two the
manufacturing complexity, since only one of the halves has to
be machined with high accuracy. However, this manufacturing
process caused problems in our previous designs, since the
junction plane was not the same as the pressure plane of
the screws, resulting in a bad contact that disturbed the
filter frequency response [6]. Therefore, we adopted here an
approach based on two completely symmetrical halves, where
both the junction and the screw pressure plane were horizontal.
This plane is represented by thex-axis in Fig. 1 and is also
shown in Fig. 7. Although the machining process has to be
performed twice, there is no substantial increase in complexity,
since both halves are completely identical.

Another improvement with respect to the approach followed
in [6] is that the filters, two rectangular and two wedge-
shaped ones, have been manufactured in-house (ESA-ESTEC)
in a common milling machining process. Hence, the same
materials have been used, which ensures a fair comparison
procedure. For the wedge-shaped filters, a relatively coarse
mill with 1.5 mm curvature radius had to be used (instead of a
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Fig. 7. Wedge-shaped filter halves during the manufacturingprocess.

TABLE I
REQUIREMENTS OF THE BANDPASS FILTERS

Parameter Value
Center frequency [GHz] 12

Bandwidth [MHz] 150
Order of the filter 3

Return loss 25

sharp-end one) due to the non-parallel plates, which generates
some rounded corners in said filters (cf. Fig. 7). Since the
drill size was known, this was considered in the fine-tuning
procedure of the dimensions before starting the manufacturing
process.

From a MP test point of view, it has to be ensured that
there is a sufficient electron seeding in the inner part of the
filter. A 90Sr β-emitting radioactive source has been used
for this purpose, which produces two different emitters:90Sr
(half-life of 28 years) and90Y (half-life of just 2 days), with
a maximum kinetic energy per electron of0.546 MeV and
2.28 MeV, respectively. The maximum penetration depth of
the 90Y electrons in an aluminum wall is around5.25 mm.
Thus, the external metallic walls of both filter halves have
to be considerably thinner than this constraint (in this case a
thickness value of1.5 mm was chosen).

III. I MPLEMENTED DESIGNS

A. Designed Filters

Both filter designs have to meet the same electrical speci-
fications of Table I, which are typical for space applications:
12 GHz center frequency and150 MHz bandwidth. The input
and outputs are WR75 waveguides and the order of the filters
has been fixed to three, which corresponds to the number of
resonators.

They have been designed with the help ofFEST3D,
which implements an automatic rectangular-filter dimensional-
synthesis procedure described in [12] and [13]. The design
of the wedge-shaped filter is slightly more complex, since
additional wedge-shape discontinuity transfer-functioncom-
putations are required. The wedge-shaped filter was however
designed first, with an inclination angle of30◦, as established
in Sections II-A and II-B. This inclination is kept constant
along all the intermediate stages of the filter, excepting the

Fig. 8. 3D views of the quasi-inductive rectangular (left) and the wedge-
shaped (right) filters.

Fig. 9. Comparison of the group delays of both structures. Simulation with
FEST3D.

input and output waveguides (right-hand side of Fig. 8).
The minimum gap has been fixed to the manufacturing limit
h1,min = 0.2 mm. Larger gaps would result in a RF input
power threshold for MP discharges exceeding the measuring
range of the available equipment. The resulting maximum
height ish2,max = 12.323 mm. The width has been iteratively
calculated to have the samefC value as the WR75 fundamental
mode.

The rectangular waveguide filter is a symmetric structure,
originally (as designed withFEST3D) purely inductive: H-
plane and constant height. However, the height of the inter-
mediate stages of the filter has to be decreased (left-hand side
of Fig. 8) to perfectly match the Q factor of the wedge-shaped
filter (whose simulated value is5440) and to achieve compara-
ble frequency responses. The reduced height value obtainedfor
this quasi-inductive filter isbrect = 5.05 mm. A comparison of
their simulated group delay can be seen in Fig. 9. The Q factor
is directly linked to the losses in the whole structure, so both
filters have as well the same insertion losses due to the finite
conductivity of the materials at12 GHz (0.18 dB for silver
with a conductivity of6.1e7 S/m). Please note that, due to the
Q-factor optimization, the reduced height of the rectangular
filter is slightly smaller than the average height of the wedge-
shaped filter (brect = 5.05mm <

h2,max+h1,min

2
= 6.26mm).

This ensures a fairer comparison between the rectangular and
wedge-shaped filters than in previous works [6].

A comparison of the cross sections of both filters is depicted
in Fig. 10, and all dimensions are listed in Tables II and III.
Both filters have horizontal symmetry, and are also symmetric
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Fig. 10. Comparative detail of the cross sections of the two considered filters.
The mean wedge height is slightly different from the rectangular filter height
brect in order to match the Q factors.

TABLE II
DIMENSIONS OF THE RECTANGULAR WAVEGUIDE BANDPASS FILTER

WG a [mm] b [mm] l [mm]
Input 19.05 9.525 10
Iris 1 9.744 5.05 3

Cavity 1 19.05 5.05 13.275
Iris 2 6.151 5.05 3

Cavity 2 19.05 5.05 15.062

with respect to a perpendicular plane to the propagation
energy direction placed in the center of each of both filters.
Furthermore, the rectangular waveguide filter has also vertical
symmetry (see Fig. 10).

Additionally, and with the help ofFEST3D software tool,
a tolerance analysis was performed before proceeding with
the filters manufacturing process. For a three-pole bandpass
filter with the required characteristics of this design, a value
of 8.7 µm comes out as the dimension tolerance requested to
guarantee around25 dB of return loss, while12.325 µm is
required to achieve20 dB return loss. Then, a tolerance value
of 10 µm was fixed for the manufacturing procedures. In the
first pair of filters, the pieces are manufactured in aluminum
plus a gold-plating layer of around10 µm thickness, in order
to ensure an almost lossless behavior of the structure. In the
second pair, just bare aluminum was used, which also acts as
the plating.

B. S-Parameters Measurements

The manufactured filters (see gold-plated pair in Fig. 11)
were measured in the ESA-ESTEC Payload Systems labora-
tory. A comparison between the measured and the simulated

TABLE III
DIMENSIONS OF THE WEDGE-SHAPED WAVEGUIDE BANDPASS FILTER

WG a [mm] b [mm] l [mm]
Input 19.05 9.525 10

h2 h1

Iris 1 10.279 9.016 3.507 3
Cavity 1 22.622 12.323 0.2 13.99

Iris 2 6.766 8.074 4.449 3
Cavity 2 22.622 12.323 0.2 15.515

Fig. 11. Photo of the two manufactured gold-plated filters: wedge-shaped
filter (left) and quasi-inductive rectangular filter (right).

Fig. 12. Comparison between the simulated and measured S-parameters of
the gold-plated rectangular filter.

S-parameters is shown in Fig. 12 for the rectangular filter, and
in Fig. 13 for the wedge-shaped filter.

The rectangular waveguide filter fulfills almost perfectly
the specifications (Table I), just confirming the accuracy of
the design process. In the wedge-shaped waveguide case, the
measured frequency response is slightly shifted (≈ 35 MHz)
towards lower frequencies with respect to the simulated data,
probably due to the lower accuracy of the manufacturing pro-
cess. However, the bandwidth and return losses are according

Fig. 13. Comparison between the simulated and measured S-parameters of
the gold-plated wedge-shaped filter.
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Fig. 14. Measured out-of-band frequency responses of the quasi-inductive
and the wedge-shaped gold-plated filters.

to the expected performance, also considering the tolerance
analysis described in Section III-A.

The S-parameters have been also measured over a wide
frequency range. The objective was to achieve very similar
out-of-band performances for both the rectangular and wedge-
shaped filters, unlike previous designs (see for instance [6]).
The curves are compared in Fig. 14 for the gold-plated pair,
and it can be seen that both out-of-band behaviors match quite
well, having a repetition of the pass-band at19.2 GHz and
19.5 GHz (the simulation prediction was around19.3 GHz).
This result (also confirmed by the aluminum pair) successfully
verifies the approach presented in Section II-B. There is a
first resonance appearing at17.4 GHz in the wedge-shaped
filter curve, which is related with the higher order modes
generated at these frequencies. In a wedge-shaped waveguide
with α = 30◦, the second and third higher order modes have
a lower cutoff frequency than in the rectangular case, which
may cause a kind of dual-mode resonance. Another advantage
of the approach described in Section II-B is that both filter
designs have very similar total lengths (around74 mm).

C. MP Predictions and Measurements

All four filters were tested in the Payload Systems Lab-
oratory at ESA-ESTEC. In this way, the accuracy of the
prediction tools could be verified under different metallic
surface conditions. The gold plating is quite resistant to MP
threshold, as we will see in the measurement results, such that
no threshold could be detected in some cases for the available
power of the test bed. With aluminum, MP discharges could
be detected in all cases, which serves better for prediction-tool
assessment purposes. Apart fromFEST3D, the ECSS Multi-
pactor Tool [14] was also used for the threshold calculations
in the different cases. In this way we can compare the relative
prediction accuracy.

The same test-bed was configured for the four experiments,
and was similar to the one described in [5], but at a fre-
quency of12 GHz (in the wedge-shaped case,11.965 GHz
accounting for the slight frequency shift observed in Fig.13).
Each measurement started by placing the device under test
in the vacuum chamber, close to the radioactive source to

TABLE IV
MP THRESHOLD PREDICTIONS AND MEASUREMENTS AT12 GHZ

(MEASUREMENT LIMIT 6.5 KW)

Filter Thresholds
ECSS MP Tool FEST3D Measured

Rectangular
(gold)

1300 W 1500 W 1400 W

Rectangular
(aluminum)

580 W 900 W 950 W

Wedge-shaped
(gold)

1600 W no detection no detection

Wedge-shaped
(aluminum)

700 W 3000 W 1800 W

ensure sufficient seeding electrons to initiate a MP breakdown.
Four MP detection methods were used in each experiment:
forward/reverse power nulling and third harmonic detection as
global methods, and electrons generation and photons emission
as local procedures [15]. Then, the chamber was sealed and
pumped for outgassing during 24 hours, until reaching a
pressure< 1 · 10−7 mbar at ambient temperature. The RF
source was configured in pulsed mode, with a2% duty cycle
and a pulse repetition frequency of1 kHz; the maximum
achievable RF input power was6.5 kW. The MP test was
started with an input power level of500 W and the power
was then increased in20 W steps. The dwell time at each
power level was10 min. Once MP was detected, the power
steps were reduced to10 W.

All results are summarized in Table IV. The first column
corresponds to the predictions with the ECSS MP Tool, and
the second one to the results obtained withFEST3D [5]. The
form of the secondary emission coefficient (SEEC) function
follows the model proposed in [16], where the maximum
SEEC value (δmax) is 2 and 2.98, the first crossover of the
electron energy (E1) is 30 eV and23.3 eV, and the energy
at maximum SEEC (Emax) is 165 eV and150 eV, for gold
and aluminum respectively. The SEEC at low energy has
the value 0.5 for both materials. The threshold values in
FEST3D have been obtained after50 impacts of each effective
electron against the metallic walls. It has to be noted that the
predictions with the ECSS MP Tool for the wedge-shaped filter
are mere approximations, since a “parallel-plate” model-based
prediction [15], [17], [18] is artificially applied to a different
geometry. It is assumed that the gap distance is equal to the
section length of the critical radius identified in Section II-A,
which in this case is around7.6 mm. The last column of
Table IV offers the experimental results.

Excellent agreement is obtained for the rectangular filter
threshold values between theFEST3D and the measurement
results for both metallic wall surfaces: around1400 W with
gold and950 W with aluminum. This means an improvement
with respect to the ECSS MP prediction, especially with the
aluminum filter. When considering the gold-plated wedge-
shaped filter, interesting consequences can be extracted. Al-
though the ECSS MP prediction suggest a threshold value of
1600 W, no sustained electron resonance could be detected
with FEST3D: in no case the electron growth was sufficient
to trigger the simulation threshold for MP determination. In
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fact, the measurements verified this last prediction, sinceno
discharge could be detected for the whole available test-bed
power range. In the aluminum wedge-shaped filter, discharges
were measured at1800 W input power. The approximation
obtained with the ECSS MP Tool is very conservative. The
threshold ofFEST3D is 3000 W, closer to the measurement
of 1800 W, but still relatively far away from the measurement.
The simulations show that the accumulated SEEC values
of resonant electrons in wedge-shaped waveguides are more
unstable than in the rectangular case. In fact, when reducing
the number of impacts of each effective electron, e.g. down
to 20, while keeping the total number of launched electrons,
the predicted threshold decreases to2500 W, whereas in the
rectangular filter the threshold value is less sensitive to the
maximum number of impacts of each electron. Additionally,
the high MP order due to the large gap [19] can explain this
discrepancy with the measurements. It should be also noted
that, recently, a new MP mode has been discovered [20],
which extends the region of parameter space for MP growth,
and whose consideration might improve the MP prediction
accuracy.

Finally, the excellent MP performance of the wedge-shape
filters with respect to the rectangular filters has to be remarked.
In the case of aluminum, there is an increase of around3 dB
in the threshold, beating the results of the first wedge-shaped
filter attempts [6], and confirming the success of the design
updates. MP has even been completely suppressed within the
available experimental capabilities in the gold-plated wedge-
shaped filter, as correctly predicted.

IV. CONCLUSIONS

Having successfully verified the improvements related to
the wedge-shaped filter design proposed in this paper, a set of
steps can be defined for designing a wedge-shaped waveguide
filter with optimal resistance to the MP effect:

1) Determine the dimensions of a rectangular waveguide
appropriate for the application, according to the operat-
ing frequency and transfer function requirements.

2) Choice of the inclination angleα. Optimum is at30◦,
but lowerα-values are possible if other constraints are
present. This inclination sets the upper limit for the
improvement (as suggested by Fig. 2).

3) Choice of the minimum heighth1,min of the smallest
side-wall in order to obtain the desired Q factor without
exceeding the manufacturing tolerances.

4) Derive the wedge-shaped resonator-waveguide width,
such that thefC value is equal to the one of the
equivalent rectangular waveguide. This value is slightly
larger than the reference one. In this way, an appropriate
out-of-band frequency response is ensured.

5) Obtain the filter dimensions based on the specifications
by means of a synthesis method.

6) Calculate the theoretical trapped-trajectory range, as
proposed in Section II-A and in [5].

7) Perform the MP-prediction analysis at radii close to this
position in the center of the inner resonator of the device
in order to obtain the power and equivalent-voltage MP

thresholds. Alternatively, when a susceptibility map such
as the one in [5] is available for a given material,
an approximated estimation of the power and voltage
thresholds can be read from it, after applying suitable
voltage-magnification factors.

The MP-threshold measurement of the aluminum wedge-
shaped filter has demonstrated an improvement of3 dB
with respect to the quasi-inductive rectangular one, and the
complete suppression of this effect in the gold-plated case.
The trade-off is obviously related to a slightly higher design
complexity, as it has been described in this paper. Including
the results of [6], the advantage of the novel topology has
been verified in filters with metallic walls of three different
materials: gold, silver and aluminum.

TheFEST3D MP-prediction tool is not extremely accurate
for the wedge-shaped filter cases, as it was justified in the
previous section, but is still valuable to have an approximated
indication of the MP threshold. Nevertheless, the basis is set
for the development of microwave devices that include this
kind of wedged waveguide topology in critical gaps, with the
goal to avoid the MP breakdown, or to shift it to higher power
levels.
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