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Abstract—The aim of this letter is to study the multipactor RF  and to the authors’ knowledge, multipactor in ridge and multi-
breakdown voltage in several ridge and multi-ridge waveguide ridge waveguides has not been studied yet.
configurations. Firstly, multipactor susceptibility charts for sev- Single- and multi-ridged waveguides have found many ap-

eral types of ridged waveguides have been computed using the licati . . d mill devi
commercial software FEST3D. Next, these charts have been usedP ications in microwave and millimeter-wave devices. Among

to predict multipactor threshold values for a band-pass filter and ~ their main advantages we find that they include large single-
a quasi low-pass filter both containing ridge waveguide sections. mode broad-band operation, large dominant cutoff wavelength,
Furthermore, multipactor simulations using FEST3D are carried  gnd |ow impedance characteristics. They are widely used for
out to calculate the multipactor threshold of the aforementioned both high-power and low-power applications such as band-pass
structures. A good agreement between predictions and simula- . . . -
tions has been found for both filter examples. and quasi low-pass filters [20]. These filters are very appropri-

ate candidates for some space and terrestrial communications
applications due to their compact size and good stop-band
performance. For instance, they can be used as preselector
filters before the input multiplexer, or as harmonic suppression
filters after RF transmitters or amplifiers, particulary as on
board satellite components.

Multipactor is a vacuum discharge phenomenon that takesin this work, we have computed multipactor susceptibility
place on devices operating under high-power radio frequenglyarts for several ridge and multi-ridge waveguide configu-
(RF) electromagnetic fields [1]. It can appear in a widgations. First, section Il describes the procedure carried out
variety of scenarios, such as satellite communication devices, perform the requested multipactor simulations in order
klystrons and accelerator structures [2]-[3]. The multipactor efs generate the susceptibility charts. In section lIl, ridge,
fect occurs when an RF electric field accelerates free electrafiible-ridge and multi-ridge waveguide multipactor charts are
inside the device impacting on the metallic walls of the devicgresented for both symmetrical and asymmetrical configu-
When electron impact energy is such that the secondastions. These results are used in section IV for predicting
emission yield coefficient (SEY)) of the material is higher the multipactor threshold values of an evanescent-mode filter,
than unity, new secondary electrons are released [4]. Underd of a waffle-iron filter, both containing ridge-waveguide
certain resonant conditions, new secondaries get synchronigedtions. In addition, and with the aim of verifying the derived
with the RF electric field producing an exponential growtBusceptibility charts, a complete FEST3D multipactor analysis
of the electron population. Once the number of electromgs been performed for both filter structures. Finally, in section
becomes very high, an electrical current is established betwagegome relevant conclusions are outlined.
the walls of the component. This RF discharge can produce
several negative effects that degrade the device performance:
increase of signal noise and reflected power, heating up of
the device walls, outgassing, detuning of resonant cavities,The commercial software FEST3D [21] has been used to
vacuum window failure and even the total destruction of theerform multipactor simulations within the analyzed ridged
component. waveguides. This code allows 3-D tracking of a set of elec-

Multipactor has been deeply studied for many differetons immersed into a region under RF electric and magnetic
kinds of geometries such as parallel-plate [5]-[9], coaxial [10fields. An electromagnetic solver based on full-wave modal
[13], rectangular [14]-[15], microstrip [16], circular [17]-[18], techniques [22] and microwave network theory calculates these
and elliptical [19] waveguides. Despite all these past effortiiglds with high accuracy and efficiency, even for complex

passive microwave components. The structures are excited

D. Gonalez-Iglesias and B. Gimeno are with the Departamentoisies&f from the input port with its fundamental mode. Differential
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I. INTRODUCTION

Il. MULTIPACTOR ANALYSIS METHODOLOGY
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Fig. 1. Symmetrical structures on the left column and asymmetrical structur
on the right column. From top to bottom: ridge, double-ridge and multi-ridg
waveguides.

simulated structures are silver-plated. The SEY parameters |
silver, which are described in [6], are: the first cross-ove®
Wi = 3(_) ev, the_ maXImum SEY coefficientina, = 2.22; Fig. 2.  Electric field lines for symmetrical configurations. From top to
and the impact kinetic energy f6f,,,, Winae = 165 €V. The  pottom: ridge, double-ridge and multi-ridge waveguides.

secondary electron velocities have been computed usihg a

eV mean an@ eV standard deviation Maxwellian distribution.

1. M ULTIPACTOR SUSCEPTIBILITY CHARTS Fig. 4 shows the voltage threshold as a function of the
' waveguide length for both symmetrical and asymmetrical
Ridge, double-ridge and multi-ridge waveguides (see Fig. dhgle-ridge waveguides. Multipactor simulations show that
with housing dimensions of a standard WR75 rectangulgfyitipactor threshold strongly depends on the waveguide
(¢ =19.05 mm, b = 9.525 mm) have been analyzed. Symmettength value, i.el/), in Fig. 4. In fact, the voltage threshold
rical and asymmetrical configurations have been consideregises up for short waveguide lengths as a result of the
In susceptibility charts, the RF multipactor voltage thresholgkial drift that allows electrons leaving the ridge gap. Thus,
is depicted as a function of the frequency gap d. in order to counteract the lost electrons a higher rate of
Multipactor discharge is always expected to occur in the N&Jacondaries generation is needed, which is obtained by means
rowest waveguide zone, where electric field becomes highgf.an increase of RF power. Similar results were obtained for
According to this, the existing gap between metal ridges {fie different multi-ridge topologies. In the next multipactor
the critical zone for the appearance of a multipactor discharggsceptibility charts, a waveguide length in the flat zone of
Thus, an equivalent voltage is numerically computed using thge graphic has been always considered (j&, > 0.1).
following expression: Two different kinds of charts are presented. First, RF voltage
d threshold for several ridge widths is depicted in Figs. 5 and 6
Vg = / B.di L for symmetrical and asymmetrical configurations, respectively.
As it can be shown, there are slight variations on voltage
0 threshold with the ridge width for each figure. However,
where E is the RF electric field of the fundamental mode ifit can be observed that the narrower the ridge the higher
the ridge gap, and! is the differential vector parallel to thethe voltage threshold. An explanation of this phenomenon
transversal component of the electric field. It can be checkid that lower w/a values allow electrons to escape from
numerically that for double-ridge waveguides the equivaletiie gap region, so an extra voltage is needed in order to
voltage is the same at both symmetrical ridges, whereas tmmpensate this phenomenon. Similar multipactor behavior
multi-ridge waveguides (with an odd number of ridges) this found for waveguide irises [24]-[26], where the power
voltage is higher at the central one. In Figs. 2 and Fig. 3 thiereshold increases when the! ratio is higher § is the gap
electric field lines are depicted for the different waveguideeight and is the iris length). Two different mechanisms for
geometries. electron loss were proposed for an iris scenario. On the one
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Fig. 3. Electric field lines for asymmetrical configurations. From top tc
bottom: ridge, double-ridge and multi-ridge waveguides.
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Fig. 5. Multipactor voltage threshold for several ridge widths in symmetrical
configurations. From top to bottom: ridge, double-ridge and multi-ridge

Fig. 4.  Multipactor voltage threshold as a function of the normalizedaveguides. Gap length 6= 0.5 mm, d/b = 0.052 andb/a = 2.

waveguide length for symmetrical and asymmetrical single-ridge waveguides.

Gap isd = 0.5 mm (d/b = 0.052), b/a = 2 andw/a = 0.4. RF frequency

is 5 GHz and)\, is the wavelength in the guide.

ridged waveguides, an study of the voltage threshold depen-
dance with the ratio of ridge width to gap/d, has been
hand, fringing electric field accelerates electrons out of the irjgerformed. It covers a wider range af/d values than the
On the other hand, a random drift due to the axial compongmeviousw/a analysis. Results are presented in Fig. 7 for a
of the initial velocity of the secondary emitted electrons magymmetrical single ridge waveguide but similar behavior can
push many electrons away from the gap region. In our ridgpe found for asymmetrical and/or multi-ridge waveguides. It
waveguide case, both effects are supposed to act but in iheobserved than fringing effect raises up voltage threshold
transverse plane to the wave propagation, specifically parabslw/d ratio reduces. This behavior becomes more important
to the ridge width of valuew. whenw/d is close to unity or lower. On the other hand, for
For a better understanding of the fringing phenomenon in/d values higher than unity, threshold variations become
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< 300f ) ) )
s and 6, RF voltage threshold increases as the ridge width
g T becomes smaller. Multi-ridge waveguide has the narrowest
= ridges and therefore the higher threshold values, as it can be
expected.
100 —-2w/a=0.2
sof ~-2w/a = 0.4
il --2w/a = 0.8 IV. MULTIPACTOR PREDICTION USINGSUSCEPTIBILITY
. : T S R S CHARTS
2 fxg(GHz‘:nm)s @S S In this section, a simple multipactor prediction method
- for complex microwave devices containing ridge waveguide
- sections is presented. This procedure does not require any
additional multipactor simulation. Only the electromagnetic
500 field distribution inside the structure at the operating frequency
is needed. Once the electromagnetic fields are computed, the
< 300 electric field must be integrated in order to calculate the
o voltage across the ridge gap sections using (1). As the electric
g field typically varies with the axial direction [27], such voltage
= must be evaluated for several axial points along the ridge
length. As a result, the highest voltage, at each ridge in
100 the structure for an RF power input excitation, iie, = 1 W,
80 is found. For each frequency value, the device input power is
proportional to the square of the ridge voltage. Accordingly,

the multipactor input power thresholg;, at the input port of
the device related to a particular ridge section will be

fxd (GHzmm)

Fig. 6. Multipactor voltage threshold for several ridge widths in asymmetrical Vv N 2
configurations. From top to bottom: ridge, double-ridge and multi-ridge Py, = eqft P, (2)
waveguides. Gap length is= 0.5 mm, d/b = 0.052 andb/a = 2. Veq

where the voltage threshold.,_:;, depends on the frequency

: gap f x d of each particular section, which can be ex-

slighter. ) . tracted from the previously computed multipactor susceptibil-
Next, the effect of ridge gap variation on voltage threshoclgf charts. Multipactor power threshold in the full structure is

was also studied for both symmetrical and asymmetricgly |oest power value obtained among all studied ridges. We
topologies (see Figs. 8 and 9, respectively). Like in the prgatai) this method through the two following examples.
vious performed studies, it is observed a very slight variation

of the voltage threshold in terms of the gap for highetd ]

Finally, multipactor voltage threshold comparison among The first analyzed structure is an evanescent mode filter
single, double and multi-ridge waveguide is presented for testracted from [28]. Fig. 11 shows the filter topology, and
symmetrical case in Fig. 10. As it was pointed out in Figs. their dimensions are summarized in Table I. Input and output
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46 Fig. 8. Multipactor voltage threshold for several gap lengths in symmetricglg. 9. Multipactor voltage threshold for several gap lengths in asymmetrical
47 topologies. From up to down: ridge (widttv/a = 0.4), double-ridge topologies. From up to down: ridge (widthv/a = 0.4), double-ridge
48 (2w/a = 0.4) and multi-ridge 8w/a = 0.4) waveguides. In all cases, (2w/a = 0.4) and multi-ridge 8w/a = 0.4) waveguides. In all cases,
49 b/a=2. b/a=2.
50
51
52 ports are implemented with WR137 waveguide, (= 34.85 several axial points along the ridge sections (see Fig. 12).
53 mm, b;,, = 15.80 mm). Ridges are numbered from the input port to the output port as
54 The operation frequency is chosen to be centered in timglicated in Table I. From these results, multipactor threshold
55 passband of the filter, namely = 9.78 GHz. Since the can be predicted as follows. Since the ridge sections have
56 considered structure consists of five identical ridges, the frilte very same gap values, the voltage threshqld ., will
S7 quency gap product i x d = 3.08 GHzmm for all of be the same for all of them. Therefore, the greatest voltage
58 them. First, electromagnetic analysis of the full structure @mong all the ridge sections must be found. From such
28 performed, assuming’;,, = 1W excitation at the input port. a voltage value and the voltage threshold extracted from

The equivalent voltage over the gap has been computed $gmmetrical waveguide charts, multipactor power threshold
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TABLE Il
- SUMMARIZED MULTIPACTOR RESULTS FOR THE EVANESCENT MODE
00 [ FILTER
200 Ridge Ve’q V) | Pprea (W) | Prestap (W)
i 5 105.4 8.65 9.09
300
=
> 108
100 ° Ridge 1
sof —-Single-ridge Ridge 5
60 [ -=-Double-ridge 106}
| +Multi—ridge M‘
S
40 1 1 1 1 1 1 1 11 -l
1 2 3 4 5 6 780910 g1y
fx d (GHzmm) >
102 _0—0—0—0—0—0—0—0—0—0—0—0—0—0—0_0_0_0__0%&00
Fig. 10. Multipactor voltage threshold for symmetrical ridged waveguides
Singe-ridgew/a = 0.4, double-ridge2w/a = 0.4 and multi-ridge3w/a =
0.4. Gap is0.5 mm (d/b = 0.052) andb/a = 2. oo
o o1 0203040506 07 08 09 1
Z (mm)
a)
120
o Ridge 2
® Ridge 3
110} o Ridge 4
E 100f
g
> 90

Fig. 11. Symmetrical evanescent mode ridge waveguide filter under cons
eration.

at the input port can be obtained. Ridge sections have tﬁ)@nt&f trllfgl]j_il\tfgr'eg_;;gs%ea%\éegt_f;e(g)aparfﬁfr;_dzels\éV gnaﬁgvjf_il (ég;ia'
following dimensionsw/a = 0.45 andd = 0.315 mm. The P% er. = n (@), and ’ n o
most similar situation in previously computed susceptibility

charts is found in Fig. 8 fotw/a = 0.4 and d/b = 0.026. .

From there, voltage threshold for the working frequency ¥°ltage (and consequently where breakdown is expected to
V.q—un = 310 V. Moreover, multipactor input power thresholgoccur); the sgcond cqlumn gives the h|ghe_st vol'gage value for
is also computed using FEST3D [23]. Results obtained frofin = 1 W; Ve,; the third column is the predicted input power
both methods are summarized in Table II. The first colundfiréshold, Py.cq; and the fourth column provides the input

indicates the number of the ridge section providing the highd?@Wer threshold computed by FEST3Bsestsn
It is observed that both simulation and prediction match

up with the ridge section where the multipactor appears. In
TABLE | addition, power thresholds obtained by two different proce-

DIMENSIONS OF THE EVANESCENT MODE FILTER SHOWN INFIG. 11 . . PR
dures are very similar, thus demonstrating the feasibility of

Z: g:;?g mm the prediction method. Note that the predicted threshold value

w 3.050 mm is always expected to be less than the simulated one, due to

h 2.480 mm the fact that in the susceptibility charts the ridge waveguides
- 4 - g:gég mm have uniform fields along the axial direction. In a realistic case
T —ts 0.901 mm the waveguide is connected to the adjacent discontinuities, and
Iz =I5 7.785 mm the voltage along the waveguide varies, as depicted in Fig. 12.
ta =14 1.411 mm This effect raises the multipactor threshold above the uniform
s = ls 8.278 mm axial case.

ts 1.411 mm

Finally, it must be pointed out the advantage of using the
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TABLE 11l
SUMMARIZED MULTIPACTOR RESULTS FOR THE WAFFLEIRON FILTER
Ridge | Vi, (V) | Pprea W) | Prestsp (W)
i \ \ 7 13.921 1449 1532

I

Mag(Max_E) (V/m)
3.9e+000 1.3e+003 2.6e+003 3.9e+003

Fig. 13. Electric field lines for multi-ridge waveguide section of the analyzer __
filter. =

= 1o} o Ridge 1
900 * Ridge 2
o Ridge 3
800 = Ridge 4
8 & Ridge 5
L [ 4 Ridge 6
700 v Ridge 7
— 600f 0 2 4 6 8 10
S
et z (mm)
& 500}
>
Fig. 15. Equivalent voltage over the gap of the filter ridgesfpr = 1 W
400 F on several axial points.
300 . . . . L has been chosen to Ber8 GHz and the frequency gap product
5 6 7 8 9 10 is f x d=6.71 GHzmm for all the ridge sections. Equivalent
fxd (GHzmm) voltage between ridges was calculated for the central ridge

(where the electric field is higher), according to Fig. 15.
Fig. 14.  Multipactor voltage threshold for the symmetrical multi-ridge=yom susceptibility chart in Fig. 14, voltage threshold for
waveguide of the waffle-iron filter under consideration manufactured W]e working f i9/ . — 530 V. With these data
copper. g frequency 94—t i

multipactor power threshold prediction can be done. Table

Il summarizes the main resultéfe/(l, Ppred, Prestsp already
new computed charts instead of the parallel-plate model chadsfined in the previous subsection).
From ECSS Multipactor Tool version 1.1 [6], power threshold Good agreement has been found between our predicted
for the considered gap at the working frequency3i$¢4 W value and the one provided by FEST3D. Comparing the
(192.5 V). Comparing this value with the predicted one usingredicted power threshold value with the one corresponding to
the new generated charts, it is found that the free-multipacthie parallel plate modeb{6 W), there is relevant difference
power handling capability of the filter can be increased!in of 3.3 dB between them.
dB. In fact, it is well known that parallel-plate model is rather
conservative for more complex waveguide geometries. V. CONCLUSIONS

In this letter, we have studied the multipactor effect in

B. High-Power S-Band Filter ridged waveguides. Multipactor susceptibility charts have been

The last analyzed structure is a high-power S-band filtepmputed by means of the commercial software FEST3D for
whose topology and dimensions are detailed in Fig. 2 of [2%everal ridge and multi-ridge configurations. For each config-
The filter consists of 7 equal multi-ridge sections, each multiwation, variation of the voltage threshold as a function of the
ridge transversal cross-section has 5 symmetrical ridges witifferent waveguide dimensions is presented and a qualitative
d = 2.413 mm gap. In Fig. 13 the electric field lines of theexplanation of such behaviors in terms of the fringing effect
transversal cross-section of the filter, which was constructisdoutlined. Afterwards, developed multipactor susceptibility
in copper, are shown. charts have been used to predict the RF input power threshold

First, multipactor susceptibility charts are computed for far an evanescent mode filter and for a high-power S-band
single 5-symmetrical multi-ridge waveguide with transverséilter, both containing ridges. Predicted multipactor values
cross-section dimensions of the filter. Results for copper drave been compared with FEST3D simulations of the entire
shown in Fig. 14. For the copper SEY simulations we hawdructures and a very good agreement has been found in both
used:W; = 35 €V, dmae = 2.3, andW,,,.. = 165 eV. cases.

After that, an electromagnetic analysis of the whole de-
vice is performed. Input and output ports are implemented REFERENCES
with rectangular waveguides of the following dimenSionﬁi] J. Vaughan, “Multipactor”,|IEEE Trans. Electron Devicesvol. 75, no.
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