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ABSTRACT

Study of multipaction breakdown margins in the output connector of a travelling-wave tube (TWT) is essential 
for application in satellite-borne systems. A TWT uses a coaxial ceramic window, a coaxial output coupler and / 
or a waveguide output coupler that are prone to multipaction breakdown boosted by high RF power due to the ion 
accumulation in critical regions during the transition of the satellite through plasma pockets in space. A detailed 
procedure for estimating the multipaction susceptibility margins in a TWT using CST studio and analytical equations 
is presented in this paper, and output couplers of two typical TWTs are analysed and the results are presented.
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NOMENCLATURE
d Gap between the surfaces 
f Operating frequency  
F	 Voltage	magnification	factor	
fd Frequency-gap product 
Pth Power margin for multipaction 
Vi Voltage	corresponding	to	RF	power	flow	of	0.5	W	
V0 Voltage	corresponding	to	rated	RF	power	flow	
Vth Threshold voltage for multipaction to occur 

1. INTRODUCTION
Multipaction breakdown is a phenomenon where a cloud 

of secondary electrons build-up exponentially between metal 
surfaces due to electronic acceleration in synchronism with 
alternating	 RF	 fields	 leading	 to	 a	 high	 frequency	 discharge	
under optimum conditions1-3. Multipaction can cause temporary 
damage or even permanent damage to the propagating 
structures depending on its severity. In a travelling-wave 
tube (TWT)4, the output coupler is the most susceptible unit 
for	 multipaction	 breakdown.	 The	 amplified	 RF	 output	 in	
a TWT is extracted either through a coaxial or waveguide 
coupler depending on the power levels and applications.  
The output coupler in a TWT is an impedance matching circuit 
that matches the impedance of the RF interaction circuit with 
that of the output connector (coaxial or waveguide type) 
through a coaxial ceramic window. It is sometimes possible 
that some of the stray electrons from the electron beam travel 
towards the coupler or the ions get accumulated on the metal 
parts during the transition of a satellite through Van-Allen 
radiation belts. These electrons or ions can grow exponentially 
when	 high	 power	 RF	 flows	 through	 the	 coupler	 leading	 to	
multipaction breakdown.

Multipaction depends on many factors like vacuum level, 
frequency-gap product, surface properties like secondary 
electron emission yield, initial electron energy, phase 
between	RF	field	and	electron	emission,	RF	power	level,	etc.	
The analytical equations for multipaction in parallel plate 
geometry are derived and experimentally validated and are 
well documented in the literature5-7. Similarly, the multipaction 
threshold voltages for coaxial transmission lines are derived 
experimentally by Woo8-10. This paper presents a detailed 
procedure for estimating the multipaction susceptibility 
margins in co-axial and waveguide transmission lines using 
CST Studio11 and published de-rating curves. Using this 
approach, multipaction margins for output couplers of two 
typical	space	TWTs	operating	in	X-	and	Ku-bands	with	350W	
of power are calculated and ascertained against space-standard 
issued by the European Cooperation for Space Standardisation 
(ECSS)12 for the safe operation of TWTs.

2. CO-AXIAL TRANSMISSION LINE
The multipaction threshold voltages for coaxial 

transmission lines with varying characteristic impedances are 
studied	 and	 experimentally	 verified	 by	 Richard	 Woo10 and 
the threshold voltage curves are generated. These threshold 
voltage curves are known as “Woo curves” and describe 
the minimum voltage required for multipaction to occur in 
a circuit for a given frequency-gap product. The tolerable 
margin in the design of a coaxial line for susceptibility to 
multipaction breakdown is estimated with the help of this plot 
(Fig. 2 in Woo10) coupled with 3D electromagnetic analysis of 
the transmission line in time domain. The detailed procedure 
to estimate the multipaction margins in the coaxial line is as 
follows:
(1) Model the transmission line in CST Microwave Studio 
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(2)	 Define	 the	 excitation	 signal	 corresponding	 to	 operating	
frequencies.

(3)	 Define	 the	 voltage	 monitors	 at	 the	 desired	 planes	 and	
measure the voltages (Vi) corresponding to RF power 
flow	 through	 the	 transmission	 line	 using	 time	 domain 
 solver. 

(4) Obtain the voltage (V0) corresponding to the rated RF 
power handling of the circuit using the relation that power 
is proportional to the square of voltage.

(5)	 Calculate	 the	 frequency-gap	 products	 (fd) at these 
planes and estimate the threshold voltage (Vth) required 
for multipaction to initiate using the corresponding  
impedance curve of Richard Woo (Fig. 2 therein)10. If 
the curve for the exact impedance is not found, consider 
the lower impedance curve and calculate the threshold 
voltages. For a given frequency-gap product, the 
threshold voltage increases with an increase in impedance. 
Considering a lower value of impedance would be thus 
providing a safer margin.

(6) The power margin is calculated using the following 
relation as

 ( ) ( )10 020 log /th thP dB V V=
(7) Compare this margin with the space guidelines for 

multipaction10	 of	Type	 1	 classification	 (maximum	8	 dB	
for RF paths that are entirely metallic).

3. WAVEGUIDE TRANSMISSION LINE
Analytical equations for estimating the multipaction 

threshold voltages for the parallel plate geometry using 
different	 approaches	 are	 also	 well	 documented	 in	 the	
literature. The threshold voltage mainly depends on the 
electrode material properties. The experimentally validated 
nomograms for estimating the multipaction threshold voltage 
in parallel plates for typically used materials for space 
applications are published by the European Cooperation for 
Space Standardisation (ECSS) in a standard document12. 
These	nomograms	(Fig.	5-1	of	the	ECSS	Standard12) describe 
the peak voltage required for the multipaction to occur for a 
given frequency-gap product in parallel plate geometry. In 
order to estimate the multipaction voltages in waveguides, 
one needs to start by considering them as parallel plate 
geometry	and	find	out	the	critical	voltage.	Then	the	voltage	
magnification	factor	due	to	fringing	fields	is	calculated	based	
on the length-to-gap ratio as given in Wolk13, et al. (Fig. 2 
therein).  The procedure to estimate the multipaction margins 
in the waveguide is as follows:
(1) Model the transmission line in CST Microwave Studio 

with	ports	defined	at	both	ends.	
(2)	 Define	 the	 excitation	 signal	 corresponding	 to	 operating	

frequencies.
(3)	 Define	 the	 voltage	 monitors	 at	 the	 desired	 planes	 and	

measure the voltages (Vi)	corresponding	to	RF	power	flow	
through the transmission line using time domain solver. 

(4) Obtain the voltage (V0) corresponding to the rated RF 
power handling of the circuit using the relation that power 
is proportional to the square of voltage.

(5)	 Calculate	 the	 frequency-gap	 product	 at	 these	 planes	
and estimate the threshold voltage (Vth) required for 

multipaction to occur using the nomograms given in the 
ECSS	 Standard	 (Fig.	 5-1	 therein)12 depending on the 
electrode material and the frequency-gap product.

(6) Calculate the gap-to-length ratio of the parallel plate 
and	 estimate	 the	 corresponding	 voltage	 magnification	
factor (F) as proposed by Wolk et al. (Fig. 2 therein)13.  
For	 gap-to-length	 ratio	 greater	 than	 1.5,	 the	 value	 of	F 
to be assigned as 7 (as F shows an increasing trend with 
gap-to-length ratio). 

(7) The power margin is calculated using the following 
relation as 

 ( ) ( )10 020 log /th thP dB V F V= ×

(8) Compare this margin with space guidelines for 
multipaction12	of	Type	1	classification.	

4. X-BAND AND KU-BAND TWT COUPLERS
Using the above approach, multipaction margins are 

calculated	for	the	output	couplers	of	the	two	different	TWTs	
designed	to	operate	in	X-band	and	Ku-band	delivering	350W	
of peak power. These couplers consist of both co-axial 
and waveguide transmission lines. The X-Band TWT uses 
WR-90 waveguide coupler while the Ku-band TWT uses 
WR-62 waveguide coupler, both made of aluminium (Al-
6061).  The couplers are modelled in CST studio and voltage 
monitors	at	different	planes	are	defined	as	shown	 in	Fig.	1. 
The Simulated VSWR plots for X-band and for the Ku-
band Couplers are shown in Fig. 2 and Fig. 3, respectively.  
The simulated voltages (Vi) for the X-band and for the Ku-band 
couplers	corresponding	to	a	power	flow	of	0.5W	are	shown	in	 
Figs.	 4	 and	 5,	 respectively.	 The	 voltage	 corresponding	 to	
0.5W	 of	 RF	 power	 flow	 in	 the	 circuit	 (Vi) is obtained and 
subsequently	 the	 voltage	 corresponding	 to	 a	 power	flow	of	
350W	(V0) is calculated from Vi. The frequency-gap product 
and its corresponding threshold voltages are calculated 
at a frequency of 10 GHz for the X-band TWT and that at  
15	 GHz	 for	 the	 Ku-band	 TWT	 and	 the	 values	 are	
shown in Table 1 to Table 3. The designs are found to 
have minimum power margin of 13 dB in the coaxial 
transmission line and that of 17 dB in the waveguide  
transmission line. 

Figure 1. Typical CST model of one of the output couplers 
showing the voltage monitors kept at different 
locations.
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Table 2. Multipactor margin for X-band Waveguide

Monitor 2 3

Gap (d) in mm 4.25 10.16

length in mm 1.50 22.86

Gap-to-length ratio 2.83 0.444

Vth  (V) 1700 4064

Vi (V) 22.88 20.91

V0 (V) 605 553

F 7 1

Power margin (dB) 25.88 17.32

Table 3. Multipactor margin for Ku-band Waveguide

Monitor 2 3

Gap (d) in mm 3.80 7.90

length in mm 1.50 15.8

Gap-to-length ratio 2.53 0.50

Vth (V) 2280 4740

Vi (V) 18.10 21.44

V0 (V) 479.0 567.2

F 7 1

Power margin (dB) 30.45 18.44

It is observed that the multipactor margin for the X-band 
and Ku-band couplers at location-1 (Fig. 1) is comparatively 
low (around 14 dB and 17 dB, respectively) against that 
at location-2 (around 26 dB and 30 dB, respectively). 
The physics attributable to this fact is that at location-1, the 
line is a simple free-space coaxial line for which the voltage 
magnification	factor	(F) is unity, whereas, at location-2, the line 
is	a	parallel	plate	line	providing	a	higher	voltage	magnification	
factor of 7 for both the couplers. The high value of F at this 
location is due to large gap-height to gap-length ratio. The 
increased gap-height to gap-length ratio facilitates acceleration 
of electrons along the curved paths rather than along the 
straight	line	paths	between	the	walls	due	to	the	fringing	fields.	
The	 longer	effective	path	 lengths	shift	 the	operating	 location	
corresponding to larger values of the frequency-gap product. 
Higher voltage gradients across the gap are thus necessary for  
multipaction to occur. 

Figure 2. Simulated VSWR plot for the X-band coupler.

Figure 4. Voltages at different locations for the X-band coupler 
corresponding to an RF power flow of 0.5 W.

Figure 5. Voltages at different locations for the Ku-band coupler 
corresponding to a RF power flow of 0.5 W.

Figure 3. Simulated VSWR plot for the Ku-band coupler. 

Table 1. Multipactor margin for Co-axial line

Parameter X-Band coupler 
at monitor 1

Ku- Band coupler 
at monitor 1

Gap in cm 0.145 0.145

fd (MHz-cm) 1450 2175

Vth  (V) 875 1284

Vi (V) 6.66 6.63

V0(V) 176.2 175.4

Power margin (dB) 13.92 17.29
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5. CONCLUSION 
An approach for estimating the multipaction margins for 

coaxial and waveguide couplers of a TWT is proposed, and 
the margins are calculated for two practical output couplers 
operating in X-band and Ku-band frequencies with peak output 
power	 of	 350W.	 The	 designs	 are	 found	 to	 have	 minimum	
power margin of around 14 dB and 17 dB for output couplers 
of the X-band TWT and the Ku-band TWT, respectively. 
As per space-standards for multipaction12, these types of 
output couplers should have 8 dB margins by analysis. The 
multipaction margins for these couplers are thus well within 
the limits for safe operation of the TWTs. 
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