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Abstract— This paper reports on the experimental 

measurement of power threshold levels for the multipactor effect 
between samples of ferrite material typically used in the practical 
implementation of L- and S-bands circulators and isolators. For 
this purposes, a new family of wide-band, non-reciprocal 
rectangular waveguide structures loaded with ferrites has been 
designed with a full-wave electromagnetic simulation tool. The 
design includes also the required magneto-static field biasing 
circuits. The multipactor breakdown power levels have also been 
predicted with an accurate electron tracking code using 
measured values for the Secondary Electron Yield (SEY) 
coefficient. The measured results agree well with simulations 
thereby fully validating the experimental campaign.  

  
Index Terms— Ferrites, ferromagnetic resonance, 

Gadolinium-Aluminum garnet, Holmium garnet, multipactor, 
space applications, wideband non-reciprocal devices. 
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I. INTRODUCTION 

ERRITES are ceramic materials that are commonly used in 
a wide number of radio frequency (RF) and high-frequency 

devices [1]. In this context, a large variety of ferrite 
geometries and material compositions are currently available 
in the market. A very common type of ferrite material are 
garnets. These advanced soft ferrites that are used in a great 
variety of microwave components operating from 100 MHz to 
40 GHz [2].   
 

Ferrites are used, for instance, to mitigate electromagnetic 
(EM) interferences and to implement radar absorbing 
materials (RAMs) [3]. This type of application is made 
possible by the fact that ferrites can very effectively absorb 
microwave signals. It is, in fact, well known that when ferrites 
are operating near their ferromagnetic resonance [4], they 
exhibit low conductivity (as dielectric materials) and high 
losses, due to a strong interaction with the penetrating EM 
fields. Moreover, ferrite materials, biased well above 
saturation, exhibit a non-reciprocal high-frequency response 
that has been extensively used in many different microwave 
components, such as isolators, circulators, gyrators, phase 
shifters and switches [5]-[7]. The non-reciprocal behaviour of 
ferrites can be effectively modelled considering non-diagonal 
terms in the permeability tensor of the (magnetized) ferrite [8]. 
 

To maximize the interaction between ferrites and the EM 
fields in non-reciprocal microwave components, it is 
customary to place the ferrite samples in high EM field 
regions. This, in turn, may trigger a multipactor discharge in 
applications operating under high vacuum conditions (e.g. 
satellite payloads, particle accelerators and klystrons). 
 

Multipactor is a well-known electron avalanche effect that 
can have very destructive effects and must therefore be 
effectively avoided in all RF and microwave devices for 
satellite communication payloads [9]. It is, in fact, well-known 
that, under vacuum conditions, free electrons can be driven by 
high-level RF/microwave EM fields to impact the surface of 
materials that can emit new secondary electrons, thus 
provoking a resonant electron avalanche that can have very 
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severe effects [10]. Among them, increased reflection and 
insertion losses, signal distortion and even physical damage. 

 
The multipactor discharge depends on a number of factors 

such as the geometry of the device, the surface properties of 
the materials, and the power level of the microwave signal 
[11]. Traditionally, this discharge phenomenon has been 
studied considering a parallel plate model [12]. This simple 
model has been widely used in research works [10], [13], and 
in industry standards [9], [14]. 

The simple parallel plate approach has also been used to 
model the multipactor effect in a waveguide containing 
magnetized ferrite [15], [16]. However, realistic non-
reciprocal microwave components (e.g. isolators and 
circulators) involve inhomogeneous EM fields, complex 
material behavior, and the presence of a permanent magneto-
static field that affects the electron dynamics [17]. As a 
consequence, a more sophisticated approach is required in 
order to obtain accurate simulations. For instance, codes based 
on the EM particle-in-cell (EM-PIC) method have been 
successfully used in [18] and [19] where the multipactor 
discharge dynamics between ferrite and metal have been 
investigated for several circulators operating in S-band 
(around 3 GHz). Furthermore, multipactor discharge can also 
take place between two ferrite disks. This situation has, in fact, 
been recently studied for a circulator operating at 7 GHz [20]. 

More recently [21], the multipactor effect between two 
ferrite samples, made of a garnet doped with Holmium used in 
a two-port isolator working at 10.75 GHz, was studied with an 
accurate electron tracking code (ETC), previously employed 
with dielectric materials [22]. In this context, therefore, the 
objective of this expanded work is to validate such three 
dimensional (3D) EM-based PIC code with a measurement 
campaign of the multipactor discharges between ferrite disks. 
The devices used to this end are based on two non-reciprocal 
microwave components: a real circulator operating in the L-
band frequency range (for satellite navigation applications) 
and an isolator for S-band satellite transceivers. 

To carry out the measurement campaign, two ferrite-loaded 
waveguide devices operating in the L- and S-bands, 
respectively, are proposed. The detailed design procedure of 
both structures, based on a full-wave EM-based software tool 
including also the magneto-static circuits for the proper 
magnetization of the ferrite samples, is fully described. 
Furthermore, to obtain realistic simulation results, measured 
values of the secondary electron yield (SEY) coefficients of 
the ferrite materials have been used. The paper is concluded 
with the comparison between the experimental results 
obtained and the ETC simulation results. 

II. FERRITE TEST DEVICE 

A. Device Description 

The main objective of this work is the experimental 
characterization of the multipactor behavior of the two ferrite 
materials described in TABLE I, namely, G-1200 (L-band) 
and G-4260 (S-band) doped, respectively, with Gadolinium-
Aluminum and Holmium [2]. These ferrites are made of high 
performance polycrystalline microwave garnets, which, based 

on their respective linewidth values (see TABLE I), are 
suitable for moderate-to-wide bandwidth applications. To this 
end, two new dedicated test devices have been designed, one 
for each ferrite sample. The L-band device has been designed 
avoiding the use of a central low-pass section, like the one 
proposed in [21] for X-band ferrites. Both L- and S-band 
devices are excited with a more compact and convenient 
coaxial excitation. 

 
TABLE I 

RELEVANT PARAMETERS OF THE L-BAND  G-1200 AND S-BAND  G-4260 

FERRITES OF THIS WORK. 

Parameter G-1200 G-4260 
Saturation Mag. (G,T) 1200,0.12 550,0.05 

Lande g-Factor 1.98 2.00 

Line Width (H) (Oe, kA/m) <60,4.8 <120,9.5 

Dielectric Constant 15.1 14.4 

Dielectric Loss Tangent 0.0002 0.0002 

Curie Temp (ºC) 260 180 

Remanent Induction Br (G,T) 795,0.08 280,0.03 

Coercitive force Hc (Oe,A/m) 0.83,66.1 0.80,63.7 

Initial Permeability µ0 65 28 

 
The ferrite samples investigated in this work are thin disks 

of 1 mm in height. The disks will be placed inside the 
rectangular waveguide devices where the RF electric field is 
maximum. The diameter of each ferrite disk, the specific 
location within the waveguides, and the magneto-static biasing 
field, will be optimized in order to guarantee that the 
multipactor effect will take place only between the two ferrite 
disks. 

For the L-band case, the RF electric field will be amplified 
by the resonant mode of the ferrite disks (optimum diameter 
80 mm), which is the classical configuration used in the 
practical implementation of commercial circulators [15]. The 
S-band ferrite disks (optimum diameter 15 mm) will be 
magnetized in order to work close to the gyromagnetic (or 
ferromagnetic) resonance, which is the typical operation point 
for resonant isolators based on ferrite slabs [8]. 

 

1) L-Band Ferrite Test Device 

For L-band, the ferrite test device (L-FTD) chosen is an 
asymmetric transformer in rectangular waveguide technology 
(see Fig. 1). The dimensions of this device for length, width 
and height are 709.57 mm, 220 mm and 85 mm, respectively. 
The asymmetric configuration is chosen because it is very 
easy to manufacture. 
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(a) 

 
 (b) 

Fig. 1. L-band ferrite test device. (a) 3D-view of the asymmetric transformer. 
(b) Manufactured prototype. 

As shown in Fig. 1, the two main parts of the L-FTD are the 
input and output launchers (coaxial to waveguide transition), 
and the input and output transformers (TRFs) connected to the 
central section containing the two ferrite disks. In this central 
section, of 3.0 mm in high, the RF electric field has the highest 
magnitude. It is therefore the ideal location for the ferrite 
samples, since multipactor discharges are more prone to be 
generated there. 

The multipactor characterization of the L-band ferrite 
sample (G-1200) will be carried out at 1.584 GHz. At this 
operating frequency, the ferrite must be biased well above 
saturation. In our case, as indicated in TABLE I, the magneto-
static biasing field must, therefore, be higher than 1200 Oe 
(95.5kA/m). If the ferrite operates below saturation, the 
interaction with the microwave signal is strongly reduced, and 
the insertion losses becomes very high (more appropriate as 
absorbing materials [3]). 

In this case, we have chosen a magneto-static biasing field 
(H0) of intensity equal to 1600 Oe (127.4 kA/m), which is well 
above the saturation magnetization level (Ms) of 1200 Oe 
(95.5 kA/m) for the G-1200 ferrite (TABLE I). 

 
Fig. 2. Electric Field distribution normal to the L-band ferrite surface at the 
frequency of 1.584 GHz, with a magneto-static biasing field level of 1600 Oe 
(127.4 kA/m). 

With this knowledge, we can now use Kittel’s equation with 
demagnetization factors to compute the ferromagnetic 
resonant frequency of a thin ferrite disk [8]: 

 

 m00r     (1) 

where ω0 is known as the Larmor (or precession) frequency, 
defined as 00 H  , sm M  (where H0 and Ms are given 

in Oe), and where   the gyromagnetic ratio (equal to 

1.759ꞏ1011 s-1T-1 or  /(2π) =2.8 MHz/Oe).  

In our case, after substituting these values into eq. (1), the 
Kittle’s frequency is GHz 925.5r f , which is well above the 

L-band operating frequency of 1.584 GHz that we have 
selected. As a consequence, the G-1200 ferrite will be 
saturated and will operate below its corresponding 
ferromagnetic resonant frequency. This is indeed the typical 
configuration used in microwave circulators. Furthermore, the 
dimensions of the ferrite disks are chosen to make the TM110 
mode resonant at a frequency close to the operating frequency 
of 1.584 GHz, thus amplifying the maximum value of the RF 
electric field between the two ferrites, and achieving, at the 
same time, a non-reciprocal response. This is the exact same 
resonant behaviour used in [18] and [19] for studying the 
multipactor effect between a ferrite sample and a metallic wall 
for S-band circulators operating at frequencies close to 3 GHz.  

In our case the multipactor effect will occur between the two 
ferrites (and not between ferrite and metal as in [18] and [19]). 
However, the presence of a resonance is a good mechanism to 
obtain high levels of RF electric field between the two ferrite 
disks. In Fig. 2 we show the electric field distribution normal 
to the surface of one ferrite sample at 1.584 GHz. As we can 
clearly see, two maximum areas of the electric field 
distribution correspond to the resonant TM110 mode.  

All relevant parameters for the L-band case are given in 
TABLE II, and Fig. 3. It is important to note that their exact 
location is inside the central section of the device. One disk is 
glued on the top inner surface of the RWG, and the other is  

TABLE II 
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DIMENSIONS OF THE HOUSING WAVEGUIDE AND FERRITE DISKS FOR L-BAND. 

Waveguide (mm)  Ferrite disk (mm) 

Width  Height  diameter  Height

135  3  80  1 

 
Fig. 3. L-band ferrite disks inside the RWG central section with gap of d= 
1.0 mm. Ferrite disk diameters are 80 mm. The centers of the ferrite disks are 
3 mm offset with respect to the center of the RWG. 

glued to the opposite bottom surface. The ferrites location, 
their diameters and the strength of the magneto-static biasing 
field have all been optimized using full-wave EM simulations 
(more details will be given in section II.B). As shown in Fig. 
3, the centers of both ferrite disks are 3 mm offset with respect 
to the center of the RWG cross-section. This is done to better 
excite the selected resonant mode and to ensure a non-
reciprocal response at the operating microwave frequency. An 
air gap of 1 mm is left between the two ferrite samples. 

2) S-Band Ferrite Test Device 

The S-band ferrite test device (S-FTD), on the other hand, is 
based on a corrugated low-pass filter structure, which is 
connected to the input and output sections of the device 
through two asymmetric transformers. The complete test 
device is implemented in rectangular waveguide technology, 
as shown in Fig. 4. Corrugated low-pass filters do usually 
have a maximum value for the electric field intensity in their 
central section. This is therefore the ideal location to place the 
ferrites. Again, for manufacturing simplicity, an asymmetric 
configuration is chosen for both for the low-pass filter and 
transformer sections. 

 
As shown in Fig. 4, the proposed S-FTD is composed of three 
parts, namely, input and output launchers (the coaxial to 
waveguide transitions), the input and output TRFs and the 
corrugated low-pass filter (LPF) central section. The final 
dimensions for the length, width and height of the S-FTD are 
626 mm, 130 mm and 70 mm, respectively. The central part of 
the asymmetric corrugated LPF (see Fig. 4) has a total height 
of 2.5 mm (which is the lowest value for all rectangular 
waveguide heights in the S-FTD). As a consequence, the 
central waveguide section is the ideal location for placing the 
two G-4260 ferrite disks. The magnified value of the RF 
electric field will help to ignite more easily the multipactor 
discharges. In the S-FTD case, the multipactor discharge will 
be characterized at 3.0 GHz. Again, at this frequency, the G-
4260 ferrite material must be biased well above saturation.  

 
 

(a) 
 

 
 (b) 

Fig. 4. S-band ferrite test device. (a) 3D-view of the asymmetric corrugated 
low-pass filter with transformer sections. (b) Manufactured prototype. 

According to TABLE I, the magneto-static biasing field must 
now be higher than 550 Oe (43.8 kA/m). However, the aim 
now is to find a suitable value for the magneto-static biasing 
field (H0) which makes the ferromagnetic resonance frequency 
(or Kittel’s frequency,  2rr f ) be equal to 3.0 GHz. This 

will ensure a non-reciprocal ferrite response at the operational 
frequency. This is indeed the typical operational mode used in 
microwave isolators. 

Making use of all available data in eq. (1), we can easily 
compute that the requested Larmor frequency value 
(  200 f ) will be equal to 2.327 GHz. This value 

corresponds to a bias field H0= ω0/  = 830 Oe (66.1 kA/m), 

well above the saturation magnetization level (Ms) of 550 Oe 
(43.8 kA/m) for the G-4260 ferrite (see TABLE I). 

 
 

 
TABLE III 
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DIMENSIONS OF THE HOUSING WAVEGUIDE AND FERRITE DISKS FOR S-BAND. 

Waveguide (mm) Ferrite disk (mm) 

Width Height diameter Height 

72.14 2.5 15 1 

 

 

Fig. 5. S-band ferrite disks inside the RWG central section with a gap of d= 
0.5 mm. Ferrite disk are 15 mm in diameter. The centers of the ferrite disks 
are located at 12.5 mm from the left-side wall of the RWG. 

Although the experimental results for the multipactor effect 
will be provided only at the single frequency point of 3.0 GHz, 
the S-FTD has been designed (see details in next section II.B) 
to exhibit a non-reciprocal response over a bandwidth of 100 
MHz, and with a -20 dB return loss, centered at 3.0 GHz. 

For the S-Band test, two G-4260 ferrite disks of 15 mm in 
diameter and 1 mm height will be used. One of these samples 
will be attached on the top inner surface of the central section 
of the RWG. The other disk will be placed symmetrically on 
the opposite (bottom) surface. The air gap between the two 
ferrite disk samples is 0.5 mm. All of the relevant parameters 
and dimensions are collected in TABLE III. Fig. 5 shows the 
RWG structure. 

In order to excite the non-reciprocal response of the ferrite, 
with the fundamental mode (TE10) of the central RWG section, 
the ferrite disks must be shifted with respect to the center of 
the RWG cross-section (variable x in Fig. 5). The optimized 
value for this design parameter will be obtained with a full-
wave EM simulation, as detailed in section II.B. With the 
optimized topology, and applying the external magneto-static 
biasing field of 830 Oe (66.1 kA/m), the S-FTD will operate at 
3.0 GHz with a non-reciprocal behaviour identical the one of 
real microwave resonant isolators. 

B. Design Process 

We are now going to describe the design procedure for both 
the L-FTD and the S-FTD. In both cases we will use 
commercial full-wave simulators. Details of the required 
magneto-static biasing circuits will be also given.  

1) L-Band Ferrite Test Device 

As it was described in section II.A.1), the L-FTD is 
composed of two asymmetric impedance transformer sections 
realized in RWG technology (see Fig. 1), that connect the 
central section (where the ferrites are located) to the input and   

 

 
(a) 

 

 
(b) 

Fig. 6. Longitudinal view of the L-FTD with ferrite disks in the central part of 
the device in (a). Dimensions (all in mm) are H1=3.0, H2=11.4, H3=25, 
H4=15.4, L1=250.8, L2=62.4, L3=34.5, L4= 125.1, D1= 37.6. Detailed view of 
the coaxial to RWG transition in (b). 

output coaxial launchers. The design of the impedance 
transformer is performed with the full-wave commercial tool 
FEST3D v2018 (Aurora Software and Testing S.L.U., now 
with CST/3DS). A small air gap of 1 mm is left between the 
two L-band ferrite disks. The total height of the central RWG 
(H1 in Fig. 6) is then 3 mm.  
 

One design aspect that is important to mention is that 
FEST3D is very accurate and computationally very efficient, 
but can only analyse homogeneous waveguide sections (i.e. 
those completely filled with the same material). To complete 
the design of the whole L-FTD (including the inhomogeneous 
central section loaded with the two ferrite disks), we have 
therefore used the 3D full-wave EM code CST Microwave 
Studio (v2018 from CST/3DS). In particular, CST has been 
used to provide the frequency response (in terms of scattering 
parameters) of the central RWG section, including the ferrite 
disks and the magneto-static biasing fields. The CST results 
have then been exported to FEST3D to simulate the complete 
device. Next, the central section has been refined, again with 
CST, and the results have been again exported to FEST3D. 
Proceeding iteratively with the two software tool, all design 
parameters have been successfully finalized, obtaining the 
desired non-reciprocal behaviour in the entire frequency range 
of interest (in this case between 1.55 GHz and 1.65 GHz). The 
actual values of all the structural parameters is indicated in the 
caption of Fig. 6. The optimal offset of the ferrite disks is 3 
mm (as described in Fig. 3), and the correct magneto-static 
biasing field is 1600 Oe (127.4 kA/m). 
The L-FTD has standard TNC female input and output coaxial 
ports, as shown in Fig. 6. With this configuration, the 
fundamental mode of the  RWG is excited by a current loop. 
The relevant design parameters are H4 and D1. The 3D 
boundary integral-resonant mode expansion (3D BI-RME), 
originally proposed in [23] and now integrated within the 
software tool FEST3D, has been successfully used to find the 
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optimum values of these two variables. The final results 
obtained are H4 = 15.4 mm and D1 = 37.6 mm. 
 

 

a) 

 

b) 

Fig. 7. (a) The “U” shaped magnetic circuit used to magnetize the L-band 
ferrites. (b) Magneto-static field distribution in the section of interest. The 
magneto-static biasing field is obtained from PMs made of NdFeB-N35 and 
the gap between magnets correspons to l0. 

The required value of the magneto-static biasing field is 
obtained by using an array of 25 permanent magnets (PMs) of 
Neodymium-Iron-Boron N-35 (with dimensions of 20 x 20 x 3 
mm) for each magnetic pole. The two magnetic poles have 
been placed on the top and bottom surfaces of the L-FTD so 
that they are close to the ferrite disks. As shown in Fig. 7 (a), 
the magnetic path (or circuit) is completed with a “U” shaped 
piece of iron (the core). 

The value of the permittivity of the “U” shaped core is 
higher than the ones of the air and PMs regions. As a 
consequence, to determine the magnetic reluctance of the 
whole circuit we need to consider only the air gap and the 
PMs regions, indicated by l0 and lm in Fig. 7(a). Assuming that 
there are no current sources, we can recall the well-known 
Ampere’s law: 

0  
S

C

  SdJldH


  (2) 

and, using the parameters involved in the magnetic circuit 
using,  write explicitly: 

0

m
0m00

2
02

H

lH
llHlH m

m    (3) 

From eq. (3), after substituting the known values for the 
desired magneto-static field (in this case H0= 1600 Oe (127.4 
kA/m), the height of the PMs (lm) and their operation point 
(Hm), the initial value for the gap length (l0) is easily obtained. 
The value of (Hm) is selected to be approximately half the 
value of the coercive force of the selected PMs, namely, Hm= -
5500 Oe (437.8 kA/m). The final value of the gap length (l0)   

finally obtained using the commercial software tool Ansys 
Maxwell 3D/2D (see Fig.7 (b)). 

2) S-band Ferrite Test Device 

The most complex part of the S-FTD structure is the central 
LPF section, where the two ferrite disks are located (see Fig. 
4). The LPF section is then connected to the input/output 
coaxial launchers through two asymmetric TRFs. The 
topology of the corrugated LPF is shown in Fig. 8. The related 
design variables are H1 to H5, L1 to L4 and the exact location 
of the ferrite disks in the central waveguide section of the 
LPF. All the variables will be optimized following an iterative 
procedure, based on alternating  simulations with  the full-
wave tools FEST3D and CST Microwave Studio, like the one 
described in section II.A.1) for the L-band TRF section. 

 

 
Fig. 8. Longitudinal view of the corrugated LPF of the S-band FTD, with the 
ferrite disks in the central part of the LPF. Dimensions (all in mm) are H1=2.5, 
H2=5.1, H3=2.9, H4=6.9, H5=4.9, L1=46.65, L2=10.84, L3=10.79, L4=13.44. 

A key aspect in the design process of the LPF section is to 
find the optimum position of the ferrite disks (variable x in 
Fig. 5), that provides minimum insertion losses (IL) in the 
direct propagation path, and a maximum attenuation in the 
reverse propagation direction. According to [8], a good initial 
solution can be obtained using the following equation:  

 
0

c
ctan


k

xk    (4) 

where kc is the cut-off wavenumber of the central waveguide, 
and β0 the propagation constant of the fundamental TE10 

mode, defined as 22
00 ckk   (k0 is the free-space 

wavenumber at the central frequency of the S-FTD). 
To continue, we used the 3D full-wave software tool CST 

Microwave Studio to obtain the S-parameters of the central 
waveguide section of the LPF, including the shifted ferrite 
disks and the magneto-static biasing fields. The results 
obtained are then exported to the software package FEST3D, 
and the optimization of the corrugated LPF dimensions is 
performed. The objective of the optimization is to obtain a 
good return loss (RL) level in the entire operational bandwidth 
(in this case, between 2.95 GHz and 3.05 GHz). The optimal 
solution obtained with FEST3D is next simulated with the 
CST software tool and, if needed, the values of x and H0 are 
refined. A number of iterations are performed until the desired 
response for the LPF is obtained. The final geometrical 
parameters are shown in the captions of Fig. 5 and Fig. 8. The 
required magneto-static biasing field strength is 830 Oe (66.1 
kA/m). 
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Fig. 9. View of the manufactured S-FTD prototype, including the permanent 
magnets and the “U” shaped magnetic circuit used to polarize the ferrites.  

Once the central section LPF is obtained, the two other 
elements (TRFs and coaxial launchers) of the S-FTD have 
been designed using FEST3D. The TRF sections is  composed 
of only two steps to increase the height of the outer waveguide 
of the LPF (of value H5 = 4.9 mm) up to 12 mm (that is the 
height of the waveguide hosting the coaxial launcher). As 
shown in Fig. 4, the TRF sections and the central LPF are 
manufactured together in one single piece that is connected at 
both ends to the corresponding input/output coaxial launchers. 
Again, a current loop configuration is chosen for the 
transitions from female TNC coaxial connectors to the 
input/output waveguide housings, thus providing a good 
behavior in terms of RL for the whole bandwidth of interest 
(100 MHz around the central frequency of 3 GHz). 

Also in this case, a magneto-static biasing circuit is needed 
to polarize the S-band ferrite disks so that a non-reciprocal 
response is obtained. The topology and working mechanisms 
of the magnetic circuit are the same ones described in section 
II.B.1). The PMs disks used in this case have a diameter of 20 
mm and a height of 2 mm. They are again made of 
Neodymium-Iron-Boron N-35. The design of the 
corresponding magnetic circuit follows the same procedure as 
the one used for the L-FTD case. The final structure obtained, 
after integration with the S-FTD, is shown in Fig. 9. 

C. Experimental Validation 

The measured performances of both L-FTD and S-FTD 
devices are shown in Fig. 10 (L-band) and Fig. 11 (S-band). In 
both figures, the simulated CST data are represented with 
dashed lines. Solid lines correspond to experimental data. The 
curves labelled ISO represent the non-reciprocal response of 
each FTD, which is computed as the difference (in logarithmic 
units) between the S-parameters S21 (the forward path) and S12 
(the reverse path). Although both prototypes are made of 
Aluminium, perfect conductors have been used for all CST 
simulations. 
As we can see in Fig. 10, measured and simulated results are 

in generally good agreement. However, the measured IL is 1.2 
dB at 1.584 GHz, whereas the simulated value is 0.6 dB. Two 
reasons can explain this difference. The first is that the losses 
due to conductor material and coaxial connectors have not 
been included in the CST simulations. The second reason is 
that there may be a small difference between the simulated 
and measured contributions of dielectric losses from the ferrite 
samples. On the other hand, the measured RL is better than 20 
dB in the frequency range of interest around 1.6 GHz, and the 

value of the ISO parameter is 3.3 dB at the central frequency 
of operation (1.6 GHz). 

 

 
Fig. 10. Frequency responses (S-parameters and isolation) of the L-FTD with 
magnetized ferrites: simulated data (dashed lines) versus measurements (solid 
lines). 

 
Fig. 11. Frequency responses (S-parameters and isolation) of the S-FTD with 
magnetized ferrites: simulated data (dashed lines) versus measurements (solid 
lines). 

A reasonably good agreement is also shown in Fig. 11 for the 
measured and simulated results in the S-FTD case. The ISO 
parameter shows a maximum value around 3.0 GHz, which  is 
the nominal working frequency. The measured RL is about 
20 dB, whereas IL and ISO  have values of 1.05 dB and 4.7 
dB, respectively, at 3.0 GHz. 
The small deviations between measured and simulated 

results, for both L-FTD and S-FTD, can also be justified as 
follows. First, the mechanical tolerance in the manufacture of 
the two  prototypes (approximately 150 µm). Second, the 
deviation between the real and nominal values of the 
magnetization level of the PMs in the magneto-static biasing 
circuits. 
The next step has been the measurement of the multipactor 
power thresholds. The RF setups for the two multipactor tests 
have been designed to operate, at 1.584 GHz (L-band) and 3.0 
GHz (S-band), respectively. The gaps between ferrite disks are 
1 mm at L-band and of 0.5 mm at S-band. As a consequence, 
the frequency-gap products are similar for both cases. In 
particular, we have 1.584 GHz×mm for L-band and 1.5 
GHz×mm for S-band. It is important to note that the measured 
return loss for both test devices is fully adequate for 
performing the multipactor tests at two frequencies of interest. 
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(a) 

 
(b) 

Fig. 12. (a) Electric filed distribution between ferrite disks for L-FTD at 
1.584 GHz, and for the S-FTD at 3.0 GHz in (b), where the maximum electric 
field is located between the two ferrites disks of each device. 

Before performing the multipactor tests, we have performed 
one final simulation using CST Microwave Studio to evaluate 
the EM fields in the central regions of both FTDs. Fig. 12(a) 
and (b) show the electric field distribution for the L-FTD and 
S-FTD, respectively. 
As we can see, in both cases the maximum values of the 

electric field distributions are located between the two ferrite 
disks. This ensures that the multipactor discharges will indeed 
take place in the expected regions. 

III. MULTIPACTOR CHARACTERIZATION 

The prediction of the physical location of the multipactor 
discharge, and the values of the power threshold for the RF 
input power for each prototype have been carried out using the 
commercial simulator SPARK3D v2018 (from Aurora 
Software and Testing S.L.U., now with CST/3DS). This ETC 
code (see more details in [24]) uses the EM field distributions 
that have been computed previously with CST Microwave 
Studio using the final device geometries, including the 
magneto-static bias. 

SPARK3D solves the 3D Lorentz force equation to compute  
the electron trajectories. It models the interactions between the  
charged particles and the surfaces of the ferrites and all metals 
in the FTDs. The electrons can be absorbed, reflected or 
extract from the surfaces, thus creating new secondary 
electrons, following the Vaughan model [25]. More details 
about the physical models used in SPARK3D can be found in 

[26]. The number of initial electrons is given as an input 
parameter to the software tool. We have observed that 
consistent and convergent results can be obtained starting with 
1000 electrons. The multipactor event is automatically 
detected when the electron population grows exponentially 
(beyond a certain predefined limit). The code performs a 
power sweep and determines if a discharge exists or not for 
each RF input power level. The minimum breakdown 
threshold is the minimum power level that is able to induce a 
multipactor discharge. 

 
TABLE IV 

SEY PARAMETERS USED IN MULTIPACTOR SIMULATIONS (FROM [27]) 

 E1 (eV) Emax (eV) SEYmax 

G-1200 19 303 3.3 

G-4260 13 372 3.3 

 
To simulate correctly the multipactor effect, the ferrite 

materials under test must be characterized in terms of the SEY 
coefficient [25]. For this purpose, three main parameters are 
needed: the energy level of the incident or primary electrons 
when the SEY coefficient is equal to one (E1), and the 
maximum impact energy (Emax) that provides a maximum 
value for the SEY coefficient (i.e. SEYmax). This information 
has been obtained experimentally, for both the G-1200 and G-
4260 ferrites, using a pulsed electron irradiation (pulse dose of 
1 fC/cm2) to avoid charging effects [27]. The data obtained are 
collected in TABLE IV. 

The SEY values are dependent on the particular composition 
of each material, but also on the surface roughness of the 
ferrite samples. The higher surface irregularity (roughness) 
can help trapping some of the emitted secondary electrons, 
thus providing higher values for E1, and reducing the 
maximum effective SEY. As we can see in TABLE IV, both 
ferrite materials have similar values of E1 and maximum SEY. 
It must be noted, however, that ferrite materials can also be 
considered as dielectrics with magnetic properties. As a 
consequence, the surface charging process that takes place 
during the multipactor testing activity may also affect the final 
result [28]. 

The results for multipactor tests are usually expressed in 
terms of the RF input power of the corresponding FTDs. In 
addition we have also computed the necessary equivalent 
voltage between ferrite disks for igniting multipactor 
discharge in the areas of interest. For this purpose, the 
voltages (Vab) between points “a” and “b” in Fig. 12 have been 
computed, for each ferrite, considering an input power level of 
1 W. Following then the technique already used in [22] for 
dielectric materials, and using the simulated results provided 
by SPARK3D, we have finally obtained the multipactor 
breakdown voltages in the areas of interest (the gaps between 
ferrite disks).  The results obtained are collected in TABLE V. 

Next, we compare in TABLE IV the simulated results 
(obtained with SPARK3D) for the multipactor threshold 
values (in terms of RF input power level) with the 
experimental data. On the bottom of the table we include 
information about the method used for the practical detection 
of the multipactor events (in this case, the well-known nulling 
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system [9]). As we can see in TABLE VI, an almost perfect 
agreement is obtained for the L-FTD, thus fully validating the 
proposed testing structure and the related design procedure. 
On the other hand, a relatively small difference (about 2 dB) 
has been found in the case of the S-FTD. This small 
difference, however, is not of particular concern because the 
European [9] and American [14] standards establish safe 
margins between simulated and measured data of 8 dB and 
6 dB, respectively. As a consequence, the results obtained 
fully validate also the S-FTD testing structure and the related 
design procedure. 

 
 

TABLE V 

RF MULTIPACTOR DISCHARGE SIMULATED RESULTS FOR L- AND S-BANDS 

Frequency SIMULATION 

(GHz) 
V at 1W 

(V) 
Threshold 

(W) 
Threshold  

(V) 
1.584 5.2 124 58.4 
3.00 7.2 122 79.5 

 
TABLE VI 

RF MULTIPACTOR DISCHARGE EXPERIMENTAL RESULTS FOR L- AND S-BANDS 

Frequency 
(GHz) 

Simulated 
(dBW) 

Discharge 
(dBW) 

1.584 20.93 20.491 
3.00 20.86 23.011 

Triggered Detection Systems: 
1 Nulling system 

 
It must be noted, however, that the origin of the small 

discrepancies for the S-FTD results can be attributed to 
uncertainties concerning the SEY properties used in the 
simulations as compared to the real performance during 
multipactor testing. In addition, as already mentioned, ferrite 
samples also show a dielectric behavior. The accumulated 
charge in their surfaces can modify the interaction with 
impacting electrons, and, as a consequence, modify the real 
effective SEY during the experiments. Finally, the manual 
handling and aging of ferrite samples may also introduce 
impurities on their surfaces, thus affecting the corresponding 
SEY values.  

Finally, during the multipactor tests performed with both 
ferrites, the temperature level of the set-ups was monitored  
and kept constant at about 22 ºC. The return loss (RL) levels 
of the ferrite test devices were also measured during all high-
power tests. No significant variations were observed. These 
results clearly confirm that the ferrites also have a good 
thermal behavior under high-power levels in the microwave 
frequency range. 

IV. CONCLUSION 

In this work, we have discussed the design of two non-
reciprocal waveguide devices, operating in L- and S-bands, for 
obtaining experimental results of multipactor effects between 
ferrite samples. To this end, the central section of the test 
devices have been partially loaded with two G-1200 ferrites 
samples doped with Gadolinium-Aluminum, and with two G-
4260 ferrite samples doped with Holmium.  The ferrites that 
are typically used to manufacture circulators and isolators for 

L- and S-band space applications. Details for the design of all 
geometrical parameters has been provided together with the 
details of the of the required magneto-static biasing circuits. 

Experimental results for the RF multipactor threshold levels 
of both ferrite samples have been obtained for frequency-gap 
(f×d) products of 1.584 GHz×mm (G-1200) and 1.5 GHz×mm 
(G-4260). The results obtained have also been compared with 
simulated results obtained with a commercial ETC software 
tool using the measured data of SEY properties for both 
materials. Considering all uncertainties associated to the 
multipactor breakdown testing procedure, it can be concluded 
that very good agreement between simulated and experimental 
results has been indeed obtained for the both the L and S-band 
ferrites. The results presented constitute, in our opinion, a very 
solid base for both design and further investigations in RF 
discharge effects between ferrite materials used in non-
reciprocal microwave components. 
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