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Optimized Multipactor-Resistant Wedge-Shaped
Waveguide Bandpass Filters

Jaime Hueso, David Raboso, Christoph Ervdémber, IEEE, Dietmar Schmitt,
Vicente E. Boria,Senior Member, |EEE, Benito Gimeno Member, |EEE,
Mariam TaroncherSudent Member, |IEEE, and Carlos VicenteMember, |EEE

Abstract—Wedge-shaped waveguides present a certain advan-
tage with respect to rectangular waveguides regarding thei
resistance to multipactor discharges. In this paper, the ofimal
configuration for the wedge geometry is investigated basedno
theoretical results, a precise multipactor prediction tod and pre-
vious experience. In addition, design rules are presentedyhich
allow to achieve comparable electrical performances of wegk- h1(a)i
shaped filters to rectangular waveguide filters, whilst at tle same
time improving the multipactor-free power range. As a proof of
concept, two three-pole bandpass filters with equivalent ettrical
characteristic of 150 MHz bandwidth, centered at 12 GHz (Ku
band), and the same Q factor have been designed, manufactuare
and tested. The first design is based on conventional rectanr
waveguide technology, while the second one has non-pardlle
broadside walls (wedge-shaped cross section). The multigi@r
power threshold and RF performance of the filters have been rig 1. Cross-section view of a wedge-shaped (black-sdtig) land a
measured in order to validate the improvements achievable rectangular waveguide (red-dashed line) with the samesestion area.
employing wedge-shaped resonators. Shaded in green, region within the wedge-shaped geometily trapped

) L . . electron trajectories.
Index Terms—Bandpass filters, circuit synthesis, microwave

filters, multipactor, space technology, vacuum breakdown.

structures are similar to the rectangular waveguide onleghw
I. INTRODUCTION poses the question whether they might be interchangeable in
certain applications. However, the inclination between titp
borne hardware are prone to suffer multipactor (M nd bottom walls can perturb the MP resonance behavior [5],

discharges [1], [2] in high power applications. As a consé®l: Which is the main advantage sought with respect to a
quence, the electrical signal transmission may be comseaini "éctangular geometry. We define a wedge-shaped waveguide
and even physical damage may occur to the hardware. Prag-2 microwave transmission line with such a constant cross
tical examples can be observed at multiplexer ports, aalerﬁ*?cf"on in the propagatlon.dlrecnon.. #1°, the cross sectllon is
feeds and amplifier outputs on-board communication saelli SiMilar to an equilateral triangle, with a considerablyiehént
Thus, costly MP testing is often needed for certifying thindamental mode [8]. Hence, inclinations @f> and above
flight qualification of all power-critical space hardwareda 2'€ €SS interesting for this study. _
therefore power limitations have to be set to avoid risks. I [6], software tools that allow us to perform the RF design
As an alternative, “wedge-shaped” waveguide cross sextidi'd analysis but also to perform a MP analysis of wedge-
as the one in Fig. 1 have a higher resistance to MP R‘,paped waveguide were presented, Whlc_h ha_lve be_en intégrate
breakdown [3]-[6]. The wedge-shaped topology is compos&H° FEST3P (FuII-nge Electromggnetlc Simulation Tool)

of symmetrically inclined top and bottom walls and straigHf]- An electromagnetic solver that implements the Bougdar
vertical side-walls (see Fig. 1). Hence, the height of tH@tegral - Resonant Mode Expansion (BI-RME) method [10],
waveguide changes linearly from the narrow side-wall to tHé1] allows to calculate the electromagnetic fields in any
broad one [7]. For inclination anglevf-values between® to Wedge-shaped geometry. A design synthesis method [17], [13

60°, the electrical properties of the fundamental mode of t¥2S adapted to allow deriving dimensions of bandpass filters
with arbitrary wedge-shaped geometries. Additionally, 8 M
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neither rigorous design guidelines were available, nor ivasand 60° can be obtained by selecting the appropriate values
known how to achieve optimal power handling capabilities.of h;(a) and ha(a). Note that this is only possible up to
In this paper, new concepts are applied to the design ~ 35° for the given reference waveguide dimensions.
procedure in order to reach a substantial enhancementAofower boundaryh; min > 0.2 mm has been set due to
the MP behavior of wedge-shaped filters. First, a parametrimnufacturing constraints. Once it is reached, highgalues
analysis is performed in order to derive the optimal indiima result in average heights larger thaand consequently larger
angle for the wedge-shaped topology. Moreover, the width ofoss-section areas. Hence, the inclinations @%rare not
the inner stages of the filter is increased so that the obilaofi exactly comparable with the rectangular case, but theyepe k
response of the filter becomes comparable to the rectangutethe analysis for completeness.
one. Refinements of the manufacturing process are proposeth a first step, for each wedge-shaped cross section, a
in order to cope with the additional complexity of the wedgeregion is identified within where free electrons could fallo
shaped topology. Finally, a three-pole bandpass filteretedt a resonant path between the top and bottom inclined walls.
at 12 GHz (Ku band) with150 MHz bandwidth and a wedge- The necessary condition to enable such a resonant pathtis tha
shaped cross-section geometry has been designed and ttveoexcited electromagnetic fields generate a Miller fohee t
copies of it (one with gold plating, the other in bare aluexactly compensates the centrifugal effect experiencethéy
minum) manufactured in ESA-ESTEC, The Netherlands. Asaecelerated free electrons [4]. More precisely, [4] pr&sos
reference for performing a comparative study, an equitalean equation to determine such a region in annular-section
rectangular waveguide quasi-inductive filter with the sanmwaveguides. Annular-section waveguides have a crosgecti
electrical behavior and Q factor has been designed as wellmed by a circular sector delimited by an inner and an
(a gold-plated and an aluminum version were manufactureduter arc with radiiR; and R.. The inner and outer radii
The four devices have been tested in the Payload Systemmuld correspond to the side-walls of the analogous wedge-
Laboratory at ESA-ESTEC, thus verifying the predicted imshaped waveguide. Following this approach, a disk of p@tent
provements in terms of MP free range. Such verification @itical radii, with boundariesRcit min aNd Rerit max (B1 <
useful for increasing the maturity of this technology for &crit,min < Rerit,max < R2), can be identified. Assuming the
potential application in space. validity of the analogy between the annular-section andgeed
The paper is organized as follows: Section Il presents thbaped waveguides [5], we identify a disk area delimited by
steps leading to the optimized design of wedge-shapedsfilteihe critical radii close to the center of the wedge-shapedscr
namely the choice of the inclination angle in Section Il-Asection (see green highlighted region in Fig. 1). Electrons
the improvement of the out-of-band response in Section, II-Bwunched from the top or the bottom walls of this area are
and the solution of some mechanical manufacturing issueslikely to get trapped in the mentioned resonant trajectorie
Section 1I-C. The manufactured bandpass filters, which takeus enabling the possibility of a sustained electron gnowt
into account all these issues, are presented in Section Alvoltage distribution can then be calculated for the ddfer
Section IlI-A includes the specifications and the physiaal dradii of the critical region [5], [6] by means of a line integof
scription of the filters, and the measurements of the frequerthe electric field following an arc of circumference delieut
responses are shown in Section IlI-B. In Section III-C, they the wedge top and bottom walls. An arbitrary input power
focus is set on the MP prediction techniques applied to thes&n be selected for calculating the voltage, which in thieca
filters, and they are compared with the MP threshold measuig-equal tol W. MP simulation results presented in [5] show
ments obtained in the laboratory. Section IV summarizes #flat the most sensitive radius to MP discharge effects estéut
design rules derived and applied to the hardware presentedliose to the position of the calculated region with a higher
this paper, and discusses the potentials of this new wasteguiadius. Following this procedure, the voltage in the estéta

geometry. critical radius has been plotted (dark-blue-solid cuna)dll
wedge-shaped waveguides considered in this study, as it can
Il. WEDGE-SHAPED GEOMETRY STUDIES be seen in Fig. 2. _ . o
o The boundaries of the trapped trajectory region (as ineitat
A. Inclination Angle by the green rectangle in Fig. 1) are depicted in Fig. 2 asgree

The selection of the most suitablevalues between the dashed curves, assigned to the right axis. The limits arayaslw
top and the bottom plates (see Fig. 1) is an essential des@nthe negative side of theaxis, i.e. closer to the narrow side-
criterion for the wedge-shaped filter. Considering an ojpgga wall [5]. The green-dotted line in Fig. 2 presents the poniti
frequency ofl2 GHz, a reference rectangular waveguide witbhhosen for the calculation of the voltage where the maximum
width ¢ = 19.05 mm (WR75) and height = 6.26 mm MP discharge is expected. The grey-shaded region shows the
has been chosen. This particular height value is equal to thealues for which the average height exceeds the value of
average height of the wedge-shaped waveguides applieé in&h The voltage curve shows a minimum value forx 30°,
filter design (described in Section IlI-A), hence it appelat@ which means that the trapped electrons of this wedge-shaped
be a better choice for comparison purposes than the standaeyeguide will experience the smallest voltage values bf al
WR75 height. Keeping the width constant and an equal crossmulated cases. Hence, it is expected that the wedge-dhape
section area (i.e. the average height of each wedge-shapasteguide with this inclination angle is the most resistant
waveguide ishb = 6.26 mm), as in Fig. 1, several waveguide¢o MP discharges. Consequently, an inclinationcof= 30°
cross sections with a sweep of inclination angles betwen 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 indimangle sweep:
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area. A reference rectangular waveguide with dimensions 19.05 mm
andb = 6.26 mm has been selected. Operating frequeh2yGHz. Green
curves are assigned to the right axis and represent thedoaaft the trapped
trajectories region.

0Fig. 4. Cutoff frequencies of the first two propagating modés wedge-
ghaped waveguide inclination angle sweep: constant wigflize = a and,
whenever possible, constant cross-section area. Valgesamnpared to the
ones of the reference rectangular waveguide with dimessioag 19.05 mm
andb = 6.26 mm.

100 3 0 |\ T monomode bandwidth systematically decreases withbjte
v TEq, ratio. Therefore, the optimal size ratiols5, since it offers the
0.80 Yo N\ ] less possible losses without sacrificing monomode bandwidt
3 v N A similar cutoff frequency analysis can be done for wedge-
] TE '\ shaped waveguides. In order to allow a direct comparisam wit
0°‘5°'; 10 TEo\h{ I ™~ the reference rectangular waveguide, the same approach fol
I el T il === > lowed in Section II-A (but considering wedge-shaped waveg-
o Ja=2b S ONTE Ty, ! o R
0.40 X uides with inclination angles up ta. = 90°) has been re-
] mono'moi:le ~3 ~ used here. The shape of the electromagnetic fields of the first
] range l S two propagating modes and their cutoff frequencigs(()
020 T T and fc(2)) were analyzed, and the results shown in Fig. 4
3 | E20 E.'.':O . . . .
] (magenta solid and orange dashed curves) over the indimati
P IR R I l ,,,,,,,,, angle. As a reference, théc(1)reer and fo(2)rect Of the

000 % /it 2.00 300 “00 corresponding rectangular waveguide were also plottemi(ir
e dotted and green dash-dotted curves). The indices 1 and 2
Fig. 3. Mode chart of a rectangular waveguide. Cutoff fremies of the _are dynamically aSSIQne.d o the first two propagating modes,
different modes in terms of the ratio between the heighnd the widthe. 1N terms of the ascending cutoff frequency value order. We
can observe that there are relatively sudden changes in the
slopes of the curves: at ~ 30° for fc(2)wedge, & ~ 50° for
wedge-shaped waveguide bandpass filter. This is diffeent fic (2)rect @nda ~ 60° for fc(1)wedge, CaUSed by changes in
[6], where the angle wak)°. Experimental MP measurementdhe mode order. For small inclination angles £ 35°), the
verify the expected performance improvement, as it will bgedge-shaped waveguide fundamental mode ha& a-like
shown later in the paper. electric field pattern, and also similgg values to those of
the rectangular one. F&5° < a < 60°, the field patterns
have a stronger distortion with respect to th&,y, and the
differences betweelfic(1)wedge aNd fc(2)wedge are gradually
In rectangular waveguides, a typical design criterion aimmeduced to zero. This point is reached cat~ 60°, which
for minimal losses for a given operating frequency. Thihes t corresponds to a cross section with equilateral triangliape
case when the rectangular cross section tends to be squigle,Within the range ofa-values of Fig. 4, and especially
i.e. b/a — 1. At the same time, it is wished to have dor a < 30°, it can be stated that the first two propagating
broad monomode frequency range. The operating frequemgdes of the wedge-shaped waveguide have a similar behavior
is usually chosen slightly above the cutoff frequency of the the rectangular waveguide ones. However, the wedge-
fundamental mode. The difference between the operatisigaped cutoff frequencyic(1) is consistently higher than the
frequency and the one of the second order mode determinestangular one for the range of interest. This would have a
the monomode bandwidth. As it can be seen in Fig. 3, foegative effect on the design of the filter resonators, sihce
values ofb/a < 0.5, the cutoff frequency of the secondshifts the filter repetition band closer to the pass-band [6]
order modeTEy, keeps a constant value. if/a > 0.5, A solution to avoid this problem is to gradually adapt the
the TE;; mode becomes the second order mode, and tvedge-waveguide widtliwedg. 7 a in order to obtain (1)

B. Out-of-band Frequency Response
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Fig. 5. Cutoff frequencies of the first two propagating modesa Fig. 6. \oltage (forl W RF input_power)' in the_ cri_tical_ MP radius for all the
wedge-shaped waveguide inclination angle sweep: constdoff frequency Wedge-shaped waveguides considered in the inclinatiote amgeep: constant
fc = 7.869 GHz and, whenever possible, constant average height. /anee fc and, whenever possible, constant average height. A refenarctangular
compared to the ones of the reference rectangular wavegiitalimensions Waveguide with dimensiona = 19.05 mm andb = 6.26 mm has been

a = 19.05 mm andb = 6.26 mm. Solid blue curve represents the values ofelected. Operating frequent® GHz. Green curves are assigned to the right

AWedge- axis and represent the location of the trapped trajectogg®on.

C. Manufacturing Issues

| to th £ th ¢ ¢ | id Waveguide filters are usually manufactured in two halves,
equal to the one of the reference rectanguiar waveguice Wﬁich are typically joined together with screws. The juonti

e?”crll gl)[/ena—(‘ia;set.hThe ?veralg; 1hhe ight Ort tk}ethwavegu@e ﬁane is the cut where the internal cavities of the filter make
still kept equal to the rectangu e result ot this exercise contact, which is essential for the correct electrical bairta

Bf the device. The pressure plane is the cut where the screws

is shown in Fig. 5. The solid blue line represents the requir
variation of the width with the inclination angle (assigred that mechanically hold both halves together make contact. |
rectangular waveguide filters, it is common that both juorcti

the right-hand side axis of ordinates). Its value is alwaghér
than in the rectangular waveguide case £ 0°), reaching and pressure plane are the same one, so that increasing the
ressure on the screws will directly translate in junctitamp

a maximum value betweeB0° and 40°. The criterion of
equal cross-section areas cannot be kept here anymoraghu essure, avoiding potential electrical contact probleroav-
er, when manufacturing a wedge-shaped filter, an importan

average gap has been chosen as the preferred criteriorefor
comparison. The differences in the cross-section valuep keaspect is the additional complexity of having non-parallel
top and bottom walls, which are also not perpendicular to

in any case small, since the variation in #gcqg.-values is
less thanl5%. For the particular analysis of Fig. 5, it must b‘?he vertical side walls. One possible solution for the wedge
shaped case is to drill the wedged cavity shapes in one

noted that the maximum applicable angle is aro8#d since
otherwise more than one mode would be able to propagatesﬁ]tgle metallic block, and use a simple flat metallic plate fo
closing the structure. This solution almost divides by tie t

the working frequency of2 GHz for the chosen waveguide.
Vr?n%nufacturing complexity, since only one of the halves bas t

The reduction in the monomode bandwidth can be howe
acceptable for < 30°. be machined with high accuracy. However, this manufacgurin
The analysis of the voltages in the electron trapped trajecPT0CeSS caused problems in our previous designs, since the

ries of Section I1-A can be then repeated for the new approaéjction plane was not the same as the pressure plane of
resulting in a bad contact that disturbed the

of keeping a constanf, since it seems to be more convenieri{'® SCTewWs,
for wedge-shaped filters (see Fig. 6). Taking into accouat tHilter frequency response [6]. Therefore, we adopted here an

both plots (Fig. 2 and Fig. 6) are represented with the sariBProach based on two completely symmetrical halves, where
axes, the main difference is that the voltage curve expemimebom the junction and the screw pressure plane were hogkont

a deeper minimum here. This is due to the fact thatge is This ple_me _is represented by theaxis.ir_] Fig. 1 and is also
increased gradually with, which increases the cross-sectiogNoWn in Fig. 7. Although the machining process has to be
area and reduces the voltage for the same normalized inpgfformed twice, there is no substantial increase in coxityle

power. The most important conclusion is that the minimurf{nce Poth halves are completely identical.
still lies at 30°. Another improvement with respect to the approach followed

in [6] is that the filters, two rectangular and two wedge-
Combining the results from this and the previous section,shaped ones, have been manufactured in-house (ESA-ESTEC)
can be concluded that = 30° is the most convenient anglein a common milling machining process. Hence, the same
for designing a bandpass filter with a wedge-shaped topologmaterials have been used, which ensures a fair comparison
that has an optimal MP behavior, while keeping the eledtricarocedure. For the wedge-shaped filters, a relatively eoars
performance of the rectangular reference case. mill with 1.5 mm curvature radius had to be used (instead of a



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

Fig. 7. Wedge-shaped filter halves during the manufactupirgess. - -Rectangular filter
4 —Wedge-shaped filter
TABLE |
REQUIREMENTS OF THE BANDPASS FILTERS B 3
>
©
Parameter Value a
Center frequency [GHz]| 12 §' 2
Bandwidth [MHZ] 150 s
Order of the filter 3
Return loss 25 1

0 T T T

116 117 118 119 12 121 122 123 124

sharp-end one) due to the non-parallel plates, which geere Frequency [GHz]

some rounded corners in said filters (cf. Fig. 7). Since the
drill size was known, this was considered in the fine-tuningjg. 9. Comparison of the group delays of both structuresiugition with
procedure of the dimensions before starting the manufiagtur FEST*"-
process.

From a MP test point of view, it has to be ensured that ) i i i
there is a sufficient electron seeding in the inner part of tjgPut and output waveguides (right-hand side of Fig. 8).
filter. A 9°Sr -emitting radioactive source has been usel'® Minimum gap has been fixed to the manufacturing limit
for this purpose, which produces two different emittéfSr himin = 0.2 mm. Larger 9aps would resul_t in a RF mpu'F
(half-life of 28 years) and®Y (half-life of just 2 days), with power threshold fpr MP dlsqharges exceeding _the measuring
a maximum kinetic energy per electron 05546 MeV and 2N9€ .of the available equment._ The resultmg maximum
2.28 MeV, respectively. The maximum penetration depth dI€19NtiS/2,max = 12.323 mm. The width has been iteratively
the 90V electrons in an aluminum wall is arour&d25 mm. calculated to have the sanfig value as the WR75 fundamental
Thus, the external metallic walls of both filter halves hav@Ode' ) ) ) )
to be considerably thinner than this constraint (in thisscas ~ 1he rectangular waveguide filter is a symmetric structure,

thickness value of.5 mm was chosen). originally (as designed wit*EST®?) purely inductive: H-
plane and constant height. However, the height of the inter-

mediate stages of the filter has to be decreased (left-hded si
of Fig. 8) to perfectly match the Q factor of the wedge-shaped
A. Designed Filters filter (whose simulated value 140) and to achieve compara-
Both filter designs have to meet the same electrical speble frequency responses. The reduced height value obtiined
fications of Table I, which are typical for space applicasionthis quasi-inductive filter i$,..; = 5.05 mm. A comparison of
12 GHz center frequency ands0 MHz bandwidth. The input their simulated group delay can be seen in Fig. 9. The Q factor
and outputs are WR75 waveguides and the order of the filtégsdirectly linked to the losses in the whole structure, sthbo
has been fixed to three, which corresponds to the numberfiiers have as well the same insertion losses due to the finite
resonators. conductivity of the materials at2 GHz (0.18 dB for silver
They have been designed with the help BEST?P, with a conductivity of6.1e7 S/m). Please note that, due to the
which implements an automatic rectangular-filter dimemaio Q-factor optimization, the reduced height of the rectaagul
synthesis procedure described in [12] and [13]. The desiflier is slightly smaller than the average height of the wedg
of the wedge-shaped filter is slightly more complex, sincghaped filter frecy = 5.05mm < w = 6.26mm).
additional wedge-shape discontinuity transfer-functamnm- This ensures a fairer comparison between the rectangutar an
putations are required. The wedge-shaped filter was howewsrdge-shaped filters than in previous works [6].
designed first, with an inclination angle &#°, as established A comparison of the cross sections of both filters is depicted
in Sections II-A and II-B. This inclination is kept constanin Fig. 10, and all dimensions are listed in Tables Il and .
along all the intermediate stages of the filter, exceptirg tiBoth filters have horizontal symmetry, and are also symmetri

Il1. I MPLEMENTED DESIGNS
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Fig. 10. Comparative detail of the cross sections of the trsidered filters. Fig- 11. Photo of the two manufactured gold-plated filteredge-shaped
The mean wedge height is slightly different from the rectdagfilter height filter (left) and quasi-inductive rectangular filter (right
brect in order to match the Q factors.

0

TABLE 1l 5
DIMENSIONS OF THE RECTANGULAR WAVEGUIDE BANDPASS FILTER .
WG a[mm] | b[mm] | | [mm] -15
Input 19.05 9.525 10 20 |
Iris 1 9.744 5.05 3 !
Cavity 1 | 19.05 5.05 13.275 z 2 !
Iris 2 6.151 5.05 3 2 30 oo
Cavity 2 | 19.05 5.05 15.062 VoW o S11 simulated

-35 4 _,-"' "
o i ----521 simulated

-40 +° i

i I i ——511 measured

45 il I «+++ 521 measured

with respect to a perpendicular plane to the propagati ‘ ‘ ‘

energy direction placed in the center of each of both filter 115 116 117 118 119 12 121 122 123 124 15

Furthermore, the rectangular waveguide filter has alsaoabrt Frequency[GH]

symmetry (see Fig. 10). Fig. 12. Comparison between the simulated and measuredapters of
Additionally, and with the help oFEST?P software tool, the gold-plated rectangular filter.

a tolerance analysis was performed before proceeding with

the filters manufacturing process. For a three-pole barsdpas

filter with the required characteristics of this design, fuga S-parameters is shown in Fig. 12 for the rectangular filted, a

of 8.7 um comes out as the dimension tolerance requestedifioFig. 13 for the wedge-shaped filter.

guarantee around5 dB of return loss, whilel2.325 um is The rectangular waveguide filter fulfills almost perfectly

required to achiev@0 dB return loss. Then, a tolerance valuéhe specifications (Table 1), just confirming the accuracy of

of 10 um was fixed for the manufacturing procedures. In thi&e design process. In the wedge-shaped waveguide case, the

first pair of filters, the pieces are manufactured in aluminumeasured frequency response is slightly shifted3 MHz)

plus a gold-plating layer of arount) um thickness, in order towards lower frequencies with respect to the simulated,dat

to ensure an almost lossless behavior of the structure.dn firobably due to the lower accuracy of the manufacturing pro-

second pair, just bare aluminum was used, which also actsc&ss. However, the bandwidth and return losses are acgordin

the plating.

B. S-Parameters Measurements 5 -

The manufactured filters (see gold-plated pair in Fig. 1:
were measured in the ESA-ESTEC Payload Systems labc ** |

tory. A comparison between the measured and the simula: 2
25

S[dB]

-30

TABLE IlI o
DIMENSIONS OF THE WEDGESHAPED WAVEGUIDE BANDPASS FILTER 35 4 ’ —= Sllsimulated
40 7' ----S21 simulated
WG a [mm] b [mm] I [mm] ——S11 measured
Input 19.05 9.525 10 45 1 ++++ 521 measured
ha h1 50 : : l : : :
Iris 1 10.279 | 9.016 | 3.507 3 115 116 117 118 119 12 121 122 123 124 125
Cavity 1 | 22.622 | 12.323| 0.2 13.99 Frequency [GHz]
Iris 2 6.766 8.074 | 4.449 3
Cavity 2 | 22.622 | 12.323| 0.2 15.515 Fig. 13. Comparison between the simulated and measuredaBpters of

the gold-plated wedge-shaped filter.



TABLE IV

o "' ’(' uN MP THRESHOLD PREDICTIONS AND MEASUREMENTS ATl2 GHz
/ l\" (MEASUREMENT LIMIT 6.5 KW)
i b A
N T lf
— -S11 rectangular I el \ . Thresholds
521 rectangular // | Nl Fiter ECSS MP Tool| FEST®Y | Measured
_ — A ' Rectangular 1300 W 1500 W 1400 W
2 (gold)
n Rectangular 580 W 900 W 950 W
(aluminum)
Wedge-shaped 1600 W no detection| no detection
(gold)
Wedge-shaped 700 W 3000 W 1800 W
i 6 gl (aluminum)

14 15 16 17 18 19 20 21
Frequency [GHz]

£ 2 ng%fg;‘;% e%“;gfﬁgg‘tjegiﬂ;‘;g?y responses of tasiguiuctive o e sufficient seeding electrons to initiate a MP breakdo
Four MP detection methods were used in each experiment:
forward/reverse power nulling and third harmonic detecas
to the expected performance, also considering the toleraf§¢obal methods, and electrons generation and photonsiemiss
analysis described in Section IlI-A. as local procedures [15]. Then, the chamber was sealed and
The S-parameters have been also measured over a vRggPed for outgassing during 24 hours, until reaching a
frequency range. The objective was to achieve very similBfessure< 1 - 1077 mbar at ambient temperature. The RF
out-of-band performances for both the rectangular and eed§OUrce was configured in pulsed mode, witd% duty cycle
shaped filters, unlike previous designs (see for instanpe [62"d @ pulse repetition frequency af kHz; the maximum
The curves are compared in Fig. 14 for the gold-plated pafchievable RF input power was5 kW. The MP test was
and it can be seen that both out-of-band behaviors match giterted with an input power level Gio0 W and the power
well, having a repetition of the pass-band1at2 GHz and Was then increased !90 W steps. The dwell time at each
19.5 GHz (the simulation prediction was arouné.3 GHz). POWwer level wasl0 min. Once MP was detected, the power
This result (also confirmed by the aluminum pair) succesfufSt€PS were reduced @ W.
verifies the approach presented in Section II-B. There is aAll results are summarized in Table 1V. The first column
first resonance appearing .4 GHz in the wedge-shapedcorresponds to the predictions with the ECSS MP Tool, and
filter curve, which is related with the higher order modete second one to the results obtained iftBST?" [5]. The
generated at these frequencies. In a wedge-shaped wagegf@fm of the secondary emission coefficient (SEEC) function
with a = 30°, the second and third higher order modes havellows the model proposed in [16], where the maximum
a lower cutoff frequency than in the rectangular case, whiSHEEC value du.x) is 2 and 2.98, the first crossover of the
may cause a kind of dual-mode resonance. Another advant&ietron energy &) is 30 eV and23.3 eV, and the energy
of the approach described in Section 1I-B is that both filte¥t maximum SEEC K..) is 165 eV and 150 eV, for gold

designs have very similar total lengths (arourdmm). and aluminum respectively. The SEEC at low energy has
the value0.5 for both materials. The threshold values in

o FEST3P have been obtained aft&d impacts of each effective
C. MP Predictions and Measurements electron against the metallic walls. It has to be noted that t
All four filters were tested in the Payload Systems Latpredictions with the ECSS MP Tool for the wedge-shaped filter
oratory at ESA-ESTEC. In this way, the accuracy of thare mere approximations, since a “parallel-plate” modelel
prediction tools could be verified under different metalligrediction [15], [17], [18] is artificially applied to a défent
surface conditions. The gold plating is quite resistant 8 Mgeometry. It is assumed that the gap distance is equal to the
threshold, as we will see in the measurement results, sath thection length of the critical radius identified in Sectibm|
no threshold could be detected in some cases for the awailalhich in this case is around.6 mm. The last column of
power of the test bed. With aluminum, MP discharges couldble IV offers the experimental results.
be detected in all cases, which serves better for predittion  Excellent agreement is obtained for the rectangular filter
assessment purposes. Apart frefRST?P, the ECSS Multi- threshold values between tiEST?P and the measurement
pactor Tool [14] was also used for the threshold calculationesults for both metallic wall surfaces: arouhd¢d0 W with
in the different cases. In this way we can compare the r@atigold and950 W with aluminum. This means an improvement
prediction accuracy. with respect to the ECSS MP prediction, especially with the
The same test-bed was configured for the four experimerafyminum filter. When considering the gold-plated wedge-
and was similar to the one described in [5], but at a freshaped filter, interesting consequences can be extracted. A
qguency of12 GHz (in the wedge-shaped casd,.965 GHz though the ECSS MP prediction suggest a threshold value of
accounting for the slight frequency shift observed in F3).1 1600 W, no sustained electron resonance could be detected
Each measurement started by placing the device under t®ith FEST3P: in no case the electron growth was sufficient
in the vacuum chamber, close to the radioactive source ttrigger the simulation threshold for MP determination. |



fact, the measurements verified this last prediction, simze
discharge could be detected for the whole available tedt-be
power range. In the aluminum wedge-shaped filter, disclsarge
were measured at800 W input power. The approximation thresholds can be read from it, after applying suitable
obtained with the ECSS MP Tool is very conservative. The  voltage-magnification factors.

threshold of FEST?P is 3000 W, closer to the measurement The MP-threshold measurement of the aluminum wedge-
of 1800 W, but still relatively far away from the measuremenighaped filter has demonstrated an improvements ofiB
The simulations show that the accumulated SEEC valugfih respect to the quasi-inductive rectangular one, ard th
of resonant electrons in wedge-shaped waveguides are M@ghplete suppression of this effect in the gold-plated case
unstable than in the rectangular case. In fact, when reducifhe trade-off is obviously related to a slightly higher desi
the number of impacts of each effective electron, e.g. dowdmplexity, as it has been described in this paper. Inctudin

to 20, While keeping the total number of launched e_Iectronghe results of [6], the advantage of the novel topology has
the predicted threshold decreases280 W, whereas in the peen verified in filters with metallic walls of three diffeten

rectangular filter the threshold value is less sensitiveh® tmgaterials: gold, silver and aluminum.

maximum number of impacts of each electron. Additionally, The FEST3D MP-prediction tool is not extremely accurate
the high MP order due to the large gap [19] can explain thi§; the wedge-shaped filter cases, as it was justified in the
discrepancy with the measurements. It shoulq be also nog@vious section, but is still valuable to have an approxéda
that, recently, a new MP mode has been discovered [2Q]gication of the MP threshold. Nevertheless, the basiis s
which extends the region of parameter space for MP growfay the development of microwave devices that include this

and whose consideration might improve the MP predictigfnq of wedged waveguide topology in critical gaps, with the

accuracy. goal to avoid the MP breakdown, or to shift it to higher power
Finally, the excellent MP performance of the wedge-shapg,e|s.

filters with respect to the rectangular filters has to be ré&avar
In the case of aluminum, there is an increase of arcud&
in the threshold, beating the results of the first wedge-stiap

filter attempts [6], and confirming the success of the designThe authors would like to thank Ministerio de Ciencia e
updates. MP has even been completely suppressed within ffygovacion (MICINN), Spain, which has supported this work
available experimental capabilities in the gold-platedige® ynder research project TEC2010-21520-C04-01/TCM. We ac-
shaped filter, as correctly predicted. knowledge also Mr. Axel Zafra, who adjusted the designed
filter dimensions in order to consider the rounded corners
of the milling process. The support of the Payload Systems

. - . Laboratory (TEC-ETL) of ESA-ESTEC is also appreciated.
Having successfully verified the improvements related to v ( ) PP

the wedge-shaped filter design proposed in this paper, & set o
steps can be defined for designing a wedge-shaped waveguide

filter with optlmal resistance to the MP effect: [1] J. R. M. Vaughan, “Multipactor,1EEE Trans. Electron Devices, vol. 35,

1) Determine the dimensions of a rectangular waveguid%] \n/0-s7, pp. ll?é_élﬁ& Jug 1283- W Lisak and 3. Puddi
H H H H . ODemenov, E. Rakova, D. Anaerson, . LIsak, an . PU -
appropriate for the apphcatlon, according to the OperatL tipactor in rectangular waveguidesPhysics of Plasmas, vol. 14, no.

ing frequency and transfer function requirements. 033501, March 2007.
Choice of the inclination angle. Optimum is at30°, [3] E. Chojnacki, “Simulation of a multipactor-inhibited aweguide geom-
_ ; ; ; etry,” Physical Review Special Topics - Accelerators and Beams, vol. 3,

but lower \_/all_Jes_ are possible if other const_ralnts are .73 . 032001, March 2000,

present. This inclination sets the upper limit for thep) v. semenov, E. Rakova, N. Zharova, D. Anderson, M. Lisakd

improvement (as suggested by Fig. 2). J. Puech, “Simulations of the multipactor effect in holloveweguides
; i ; ] with wedge-shaped cross sectiohZEE Transactions on Plasma Sci-

C_,h0|ce of the minimum .helgh‘h,m}n of the smallgst ence, vol, 36, No. 2, pp. 488493, April 2008,

side-wall in order to obtain the desired Q factor withouts;

exceeding the manufacturing tolerances.

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
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