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1 Introduction
Microwave vacuum electronic devices (MVEDs) are highly efficient network elements
for radio frequency (RF) applications. A modulated flow of electrons amplifies,
modifies, or induces electromagnetic (EM) energy to achieve a specific functionality.
MVEDs are inherently more efficient compared to solid-state electronics (SSE),
because electrons propagate through vacuum in place of bulk material.

Especially in radar and space applications MVEDs are the dominant technology.
High-power capabilities as well as high reliability and resilience against radia-
tion and temperature variation make them difficult to replace, especially at high
frequencies [1].

1.1 Folded-Waveguide Traveling-Wave Tubes
Traveling-wave tubes (TWTs) are widely used power amplifiers for the above
mentioned applications. Electrons are emitted from a heated cathode, focused to a
beam of cylindrical shape, and injected into the interaction area. An RF delay line
guiding an EM wave establishes interaction with the electron beam by synchronizing
the phase velocity of the wave to the electron velocity. The electron beam then
becomes modulated with the incoming RF operating frequency and forms bunches.
The electron beam in turn induces a wave at the same frequency on the delay line,
thus leading to exponential growth of the RF signal. When the wave is coupled
out, the spent electron beam enters a collector with one or multiple stages where
the electrons are decelerated and finally hit the electrodes converting their residual
energy into heat. The voltages of the collector stages largely affect the efficiency
of the amplifier. The concept of voltage-depressed collectors is one of the major
advantages of vacuum over solid-state devices.

Different delay line concepts have been used in the past [2]. While the helical
delay line excels at broadband applications, it is limited in output power since it
is galvanically disconnected from the outer hull. Because of that, effective heat
removal concepts are difficult to realize. Coupled-cavity (CC) delay lines, on the
other hand, are narrowband but generally achieve much higher output powers since
they are made of bulk metal.

Moving to higher frequencies requires to reduce characteristic geometric param-
eters, thus increasing the probability of intercepted electrons with ensuing heat
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1 Introduction

development. The increased RF loss at higher frequencies additionally leads to
undesired heat. Therefore, bulk-metal delay lines are favorable in terms of thermal
management. However, a large bandwidth is also desirable. A trade-off solution
is the folded-waveguide (FW) delay line [3]. FW delay lines are currently under
investigation for radiation sources above K-band due to their ease of fabrication and
potential high-power capabilities [4–10]. Aside from many advantages, this type
of delay line suffers from relatively weak interaction with the electron beam, thus
limiting the amplification per unit length and the maximum achievable efficiency.

As the fabrication of TWTs is very time consuming and costly, it is desirable
to predict a tube’s performance prior to its assembly. However, modeling the
beam-wave interaction in a TWT is very complex. It involves the simultaneous
solution of Maxwell’s and Poisson’s equations as well as of the 3D Lorentz force
equation for the electron motion subject to external EM fields. Certain assumptions
can simplify the calculation, but under large-signal excitation the electron beam can
to this day only be modeled by tracking the electron paths through the interaction
area. This is a very time- and computation-intensive process. The efficient modeling
and numerical calculation of the beam-wave interaction is investigated in current
research.

1.2 Outline of the Thesis
The main topics of this thesis are the design, modeling, and efficient interaction
simulation of FW-TWTs. Structural variations are analyzed to mitigate some of
the drawbacks inherent to conventional FW structures. Delay lines featuring these
concepts are then realized and their feasibility is assessed by measuring their cold
characteristics, i.e., without electron beam. Proper models are implemented into
an existing beam-wave interaction software to predict the performance of amplifiers
with FW delay lines. As those devices are electrically longer compared to other
established TWTs, the interaction simulation is computationally more demanding.
New algorithms are therefore implemented and tested to make the computations
more efficient.

This thesis is organized as follows. Chapter 2 summarizes the necessary funda-
mentals of TWTs. Chapter 3 then focuses on FW delay lines and how they can be
characterized and modeled. Additionally, the fabrication and cold measurements
of a modified FW delay line are briefly outlined and discussed. The difference
between a delay line under cold, i.e., without an electron beam, and hot operating
conditions, i.e., one interacting with an electron beam, is analyzed in Chapter 4. An
algorithmic concept to accelerate the beam-wave interaction prediction is proposed
in Chapter 5. The thesis ends with the interaction simulation of an optimized
FW-TWT and the verification of the previously presented models.
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2 Basics of Traveling-Wave Tubes

2.1 Components of Traveling-Wave Tubes
The main components of a TWT will be described briefly in the order in which the
electrons pass through the tube, i.e., from emission in the cathode to absorption
in the collector. A schematic of a generic FW-TWT in Figure 2.1 serves as an
overview.

2.1.1 Electron Gun
The generation of free electrons is achieved by means of an electron gun at the
beginning of the tube (yellow area in Figure 2.1). A more detailed view of an
electron gun is depicted in Figure 2.2. The electron gun is used to generate an
electron beam of adequate power and lateral extension. A cathode of near-spherical
surface provides electrons through thermal or field emission [11]. The capability
of the cathode to emit electrons is limited by the cathode material. Therefore,
the cathode radius has to be several times larger than the desired beam radius in
order to achieve a sufficiently large beam current as well as a long lifetime of the
cathode [1]. A high voltage V0 at the anode accelerates the electrons after they
have been emitted from the cathode surface. They converge to a pencil-shaped
beam and enter the magnetic field of the focusing system.

The electron beam provides the energy source for the amplification process. Its
resilience against perturbations is very important for the performance and tunability

Figure 2.1: Schematic of a generic folded-waveguide traveling-wave tube with two
sections.
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2 Basics of Traveling-Wave Tubes

Figure 2.2: Electron gun with trajectories indicated.

of the vacuum tube. The DC beam current I0 and accelerating voltage V0 limit the
maximum achievable output power of the TWT. The beam efficiency is calculated
from

ηbeam = Pout

V0I0
, (2.1)

where Pout is the achieved RF output power. ηbeam cannot be arbitrarily large,
because electrons would otherwise be modulated so strongly that the magnetic
focusing field is not sufficient any more. As a result the electron beam would break
apart, leading to undesired intercepted electrons. Another limiting effect is the
maximum axial electric field generated by the delay line. It has to be large enough
to keep the bunches from dispersing due to space-charge forces. Therefore, the
delay line topology inherently limits the maximum achievable ηbeam.

2.1.2 Magnetic Focusing
As mentioned in the previous section, the electrons are focused by an externally
applied magnetic field. Otherwise the beam would diverge due to the space-charge
forces of the electrons. A constant axial magnetic field prevents the beam from
diverging [11]. Considering the movement vector of an electron subjected to a
constant magnetic field, it follows that a rotational movement is necessary for the
electrons to be focused. The electron trajectories are therefore best described by
helical paths.

The constant magnetic field can be provided by a solenoid. However, the magnetic
field then strongly interacts with other components in the vicinity of the tube. The
external magnetic field can be suppressed by shielding the device magnetically. This
is often not an option, because it adds a lot of weight and volume to the device.
This aspect is especially important for satellite communication where low weight is
crucial.
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2 Basics of Traveling-Wave Tubes

Figure 2.3: A round-wire helix. Support rods are indicated in blue.

A more light-weight solution for magnetic focusing is a periodic permanent
magnet (PPM) configuration. Figure 2.1 indicates such a configuration in the area
shaded in green. Annular permanent magnets are arranged in alternating polarity
to set up a spatially varying magnetic field. If the period of the magnetic field is
sufficiently short, the electrons effectively experience a constant magnetic field, the
magnitude of which is equal to the root mean square (RMS) of the PPM field.

2.1.3 Delay Line
The delay line mainly dictates the RF performance by its inherent bandwidth and
coupling strength to the electron beam. The area in green in Figure 2.1 contains
the interaction space with the actual delay line. The energy exchange between the
electrons and the RF signal relies on the interaction of those two, and thus depends
on how strongly they are coupled. Additionally, both need to have approximately
the same axial (phase) velocity. Figuratively, the electrons have to experience the
same phase of the EM wave along the delay line such that they are continuously
subjected to the same RF field. Since EM waves in conventional waveguides have
phase velocities in the order of the speed of light c0, or even larger, they must be
slowed down to ensure synchronous operation. The electron velocity ve depends on
V0 and typically lies in the range of ve/c0 ≈ 0.1 ... 0.4 depending on the application.
In the following three typical delay line topologies are briefly described.

Helix

The helical delay line is a flat or round wire wound around the electron beam axis.
Figure 2.3 shows a principle drawing of a round-wire helix. The delay of an EM
wave is determined by the pitch p and inner diameter dh of the helix [11]. The latter
is fixed in the vacuum tube by means of dielectric support rods. The helix has poor
thermal properties, because the dielectric rods have a low thermal conductivity
compared to metal. Additionally, the areas of contact between helix and rods, as
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2 Basics of Traveling-Wave Tubes

Figure 2.4: Longitudinal and cross section of a typical coupled-cavity delay line.

well as between rods and metal hull, significantly increase the thermal resistance.
Intercepted electrons and RF losses along the delay line lead to heat that needs to
be removed in order to avoid integral damage to the device.

The helix is a very broadband delay line on which propagation down to DC is
possible. Helices are often used in medium-power applications such as telecommu-
nications, both on the ground and in space, and they exhibit relative bandwidths
of up to more than two octaves for low-power tubes [11]. Most TWTs used in
communication applications achieve usable bandwidths of about 20%, but at a
comparatively much larger output power [12].

Coupled Cavities

A typical CC delay line is depicted in Figure 2.4. The electron beam propagates
inside an electron beam tunnel of radius rt and interacts with the EM fields inside
the cavities at gaps of length `g. The EM wave, on the other hand, propagates via
coupling slots in the cavity walls from one cavity to the next. Figuratively, the
EM wave is slowed down by the CC delay line, because the fields inside the cavity
have to build up before they can couple to the next cavity. CC delay lines are
much more narrowband than helices. They operate in the vicinity of the resonant
frequency of the closed individual cavity. Typical cold bandwidths are around 15%
to 25%. This type of delay line consists of bulk metal and thus has much larger
thermal conductivity. It is typically used in high-power applications such as Radar
(radio detection and ranging).

Folded/Serpentine Waveguide

An exemplary serpentine waveguide (SW) is depicted in Figure 2.5. It consists
of a rectangular waveguide wound in a meander-like manner about the electron
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2 Basics of Traveling-Wave Tubes

Figure 2.5: Longitudinal and cross section of a serpentine-waveguide delay line.

beam axis. The waveguide is operated at the fundamental H10-mode such that
the electron beam interacts with the transverse E-field of that mode. In contrast
to an SW, a folded waveguide (FW) has 90◦ corners. Both SW and FW delay
lines are more broadband than their CC counterparts, but far less than helices.
However, since they can be easily manufactured from bulk metal, they have power
handling capabilities similar to CC lines [3]. Therefore, they are currently under
strong investigation for TWT amplifiers above Ka-band, and even in the sub-THz
range [13, 14].

Additional Delay Line Components

Each of the above mentioned delay lines needs two additional components in order
to function in a TWT. The first important item are couplers necessary to inject
(extract) EM energy into (from) the delay line. An ideal coupler transmits all
incoming power to the connected device at all frequencies.

This is, of course, not realizable and therefore couplers introduce reflections.
Oscillations may occur due to the gain of the tube, if the reflected signals between
such discontinuities superpose constructively. To reduce the loop gain, and thus
the danger of so-called TWT oscillations, the reflections of couplers should be as
low as possible. Additionally, the tube can be subdivided into multiple sections,
thus lowering the requirements for the couplers. This is achieved by introducing
severs which are strongly attenuating elements sometimes combined with an actual
disruption of the delay line [11]. Severs generally exhibit lower reflections than
couplers. They are therefore a good means to suppress oscillations in high-gain
devices.
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2 Basics of Traveling-Wave Tubes

2.1.4 Collector
After the interaction region the bunched electron beam enters the collector which
is indicated by the blue area in Figure 2.1. The magnetic focusing is progressively
reduced such that the beam begins to diverge. The collector consists of one or
more electrodes with potentials lower than the accelerating voltage. This way
the electrons are decelerated. They are collected in groups by different electrodes
depending on the collector potentials and the electron velocities. Ideally, the
electrons hit the electrodes with no residual velocity. This is not the case for a
real collector, and therefore the electrons hit the respective electrodes with finite
kinetic energy which is then converted into heat. A well-designed collector has
stage voltages covering most of the electron velocity spectrum and thus minimizes
the amount of generated heat. The voltages of the collector stages reduce the net
power supplied to the tube [11, p. 398]. The possibility to employ collectors is
one of the main advantages of MVEDs over SSE, since these components greatly
increase the overall device efficiency.

2.2 Pierce Theory
The amplification process in a TWT is a complex mechanism as it involves two
systems that are coupled: the EM wave on the delay line and the particles of the
electron beam. The theory of EM waves as well as particle physics are needed to
describe TWT operation.

The following section is subdivided into three parts. The first is concerned with
modeling the EM waves along the delay line, while the second describes the electron
beam. The third then takes into account the interaction of these two systems for
synchronous operation. The presented derivation is also known as the Pierce theory
and gives much insight into the physics of TWTs. It is named after John R. Pierce
who first described the interaction in a TWT in a closed form [15]. The following
derivations are adapted from [11] and are given here for the sake of completeness,
since the conclusions drawn from this theory become important for subsequent
chapters.

In the following all field quantities implicitly depend on time t and axial distance z
as exp(j(ωt−βz)) with angular frequency ω and propagation constant β. Therefore,
it follows that

∂

∂t
= jω, and (2.2)

∂

∂z
= −jβ. (2.3)
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2 Basics of Traveling-Wave Tubes

Figure 2.6: Transmission-line model of delay lines.

2.2.1 Circuit Equations
The delay line can be described by means of a transmission line (TL). An incremental
element of length ∆z exhibits the inductance L` and the capacitance C` per unit
length. An adequate equivalent circuit (EC) is shown in Figure 2.6. An additional
RF current ∆I1 is induced at point B due to the presence of the electron beam.
Applying Kirchhoff’s current law in this point and Kirchhoff’s voltage law around
the closed loop ABCD with ∆z → 0, respectively, the differential equations

dVC
dz = −jωL` · IL, and (2.4)
dIL
dz = dI1

dz − jωC` · VC (2.5)

are obtained. Using Equation (2.3) and substituting IL from Equation (2.5) into
Equation (2.4) leads to

VC = ωβL`
β2 − ω2L`C`

I1. (2.6)

Assuming further that the electron beam travels close to the TL, the axial electric
field Ez acting on the electrons can be calculated as

Ez = −dVC
dz = jβVC = jωβ2L`

β2 − ω2L`C`
I1. (2.7)

Introducing the cold propagation constant βc and the circuit impedance Zc

βc = ω

vp
= ω

√
L`C` and Zc =

√√√√L`
C`
, (2.8)

respectively, the electric field acting on the electron beam becomes

Ez = j
β2βcZc

β2 − β2
c
I1. (2.9)
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2 Basics of Traveling-Wave Tubes

2.2.2 Space-Charge Waves on Electron Beams
In order to determine the propagation characteristics of EM waves along an electron
beam, at first an infinite beam in transverse direction is considered. The propagation
then follows from the solution of the wave equation with a source term stemming
from the flow of negative charges. Since the transverse dimensions of the electron
beam are assumed to be infinite, the following one-dimensional (1D) wave equation
for the axial electric field Ez is obtained [11]

∂2

∂z2Ez + k2Ez = −jωµ0J1 −
1
ε0

∂

∂z
ρ1, (2.10)

where k = ω/c0 is the free-space wavenumber with c0 denoting the speed of light,
ρ1 and J1 are the space-charge and current density modulation, respectively, and
µ0 and ε0 are the vacuum permeability and permittivity, respectively. Applying
Equation (2.3) to Equation (2.10) leads to

(β2 − k2)Ez = jωµ0J1 −
jβ

ε0
ρ1. (2.11)

The total current density J is the product of the space-charge density ρ and the
electron velocity u, i.e., J = ρu. Both ρ and u are assumed to have a DC and an
RF component, therefore

ρ = ρ0 + ρ1 · ejωt and (2.12)
u = u0 + u1 · ejωt, (2.13)

where subscripts 0 and 1 denote DC and RF quantities, respectively. The product
of two RF quantities can be neglected, if their amplitudes are much smaller than
the respective DC values. The current density modulation J1 then becomes

J1 ≈ ρ0u1 + ρ1u0. (2.14)

Applying the continuity equation to the electron current density

∇ · J + ∂ρ

∂t
= 0 or − jβJ1 = −jωρ1 (2.15)

it follows from Equation (2.14) that

J1 = ρ0

1− βu0
ω

u1. (2.16)

The equation of motion for the electrons subject to an axial electric field Ez is given
by

du
dt = ∂

∂t
u1 + u0

∂

∂z
u1 = (jω − jβu0) · u1 = −ηeEz, (2.17)

10



2 Basics of Traveling-Wave Tubes

where ηe is the electron charge-to-mass ratio. Combining Equations (2.16) and (2.17)
leads to

J1 = j
ωρ0ηe

(ω − βu0)2Ez = jωε0
ω2

p
(ω − βu0)2Ez, (2.18)

where the plasma frequency ω2
p = (ηeρ0)/ε0 has been introduced. It is convenient

to replace ρ0 and u2
0 by J0/u0 and 2ηeV0, respectively. Additionally, the current

densities can be replaced by the corresponding currents, since a one-dimensional
problem is considered here, i.e.,

I1 = jβeI0

2V0(βe − β)2Ez, (2.19)

where βe = ω/u0 is the electronic propagation constant.
If the transverse dimensions of the electron beam are finite, the above derivation

still holds. However, the plasma frequency ωp has to be replaced by the reduced
plasma frequency ωq according to

ωq = F · ωp, (2.20)

where F is the plasma reduction factor. It depends on the shape and size of the
electron beam and of the metallic beam tunnel in which it travels [11].

2.2.3 Interaction
With the EM waves on the delay line and the space-charge waves of the electron
beam individually described, they are now combined to take interaction into account.
Therefore, Equations (2.9) and (2.19) have to be fulfilled simultaneously. Interaction
between the systems mainly depends on synchronism, i.e., only those parts of the
EM wave interact with the beam that have approximately the same axial phase
velocity as the velocity of the electrons. The synchronous operation is briefly
discussed here, because it gives crucial insights into the topic and will be helpful
for later discussions. For asynchronous operation and more involved considerations
like the influence of loss and noise, the reader is kindly referred to [11].

Combining Equations (2.9) and (2.19) results in the so-called determinantal
equation

1 = βeI0

2V0(βe − β)2
β2βcZc

(β2
c − β2) . (2.21)

Pierce further introduces the gain parameter C given by

C3 = ZcI0

4V0
(2.22)

which is usually a very small quantity, with typical values between 10−2 and 10−1.
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2 Basics of Traveling-Wave Tubes

Equation (2.21) is a fourth-order polynomial whose solutions yield the four
propagation constants of the eigenmodes of the coupled system. Assuming forward-
traveling modes, the coupled propagation constant β can be written under the
assumption of synchronous waves, i.e., βe = βc, as

β = βe + ξ, (2.23)

where it is further supposed that β differs only by a small amount ξ from βe.
Introducing this into Equation (2.21) leads to

β2
e (β2

e + 2βeξ + ξ2)
ξ2(2βeξ + ξ2) 2C3 + 1 = 0. (2.24)

Since ξ is a very small quantity compared to βe, ξ2 can be neglected in comparison
to βeξ in the denominator. The same holds for βeξ and ξ2 compared to β2

e in the
numerator. With these approximations Equation (2.24) can be directly solved for ξ
to obtain

ξ = 3
√
−1βeC. (2.25)

The three complex roots are then

ξ1 =
1

2 + j

√
3

2

 βeC, (2.26)

ξ2 =
1

2 − j
√

3
2

 βeC, and (2.27)

ξ3 = −βeC, (2.28)

and the respective propagation constants follow from Equation (2.23).
Remembering now that all waves are assumed to propagate according to exp(j(ωt−

βz)), it becomes apparent that

1. all three modes travel in forward direction, since C is a small quantity,

2. two waves travel at the same speed, one growing and the other decreasing
exponentially, and

3. one wave travels faster than the others and has a constant amplitude.

The fourth wave can be obtained by assuming a backward-traveling wave with a
velocity close to that of the circuit wave in absence of the beam. The result is
another fast wave with constant amplitude traveling in backward direction.

These considerations are important for Chapter 4 where coupled dispersion
diagrams are calculated to determine the characteristic impedances of the coupled
modes in order to minimize reflections at couplers and severs under hot operating
conditions.
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2 Basics of Traveling-Wave Tubes

Figure 2.7: An exemplary drive curve of a nonlinear amplifier.

2.3 Nonlinear Interaction
For large-signal interaction the discrete nature of electrons as well as the forces
between them have to be considered. With growing modulation the electrons start
to bunch, because some electrons become slower and some faster than the average
beam velocity. Additionally, kinetic energy is extracted by the delay line which in
turn leads to a general decrease in electron velocity.

The generated bunches form regions of high space-charge field. The modulated
electron beam then exhibits strong harmonics and acts as a nonlinear energy source.
The electron bunches can only be sustained, if the axial electric field of the circuit
is strong enough. The output power starts to saturate at some point, because the
bunches tend to spread again and energy is transferred from the circuit to the beam
instead of the other way around. A generic drive curve for amplifiers is depicted in
Figure 2.7. For small input powers the output power increases linearly as indicated
by the “linear” regime. Input and output power are then linked by a constant
amplification Gss. For higher input powers this gain decreases, i.e., compresses. The
global maximum of the output power Pout is denoted as saturated output power
Pout,sat with the respective input power being Pin,sat. Nonlinear effects in overdrive,
i.e., for Pin greater than Pin,sat, may lead to deviations from the drive curve in
Figure 2.7.

13



2 Basics of Traveling-Wave Tubes

2.4 The Software Package KlysTOP
A brief explanation shall be given why specialized software is necessary even in
times of high-performance computers. Also, background information is provided
about the interaction simulation tool KlysTOP that is used in this thesis.

Several general-purpose three-dimensional (3D) full-wave tools exist today to
predict the performance of TWTs, for example CST Particle Studio1 or MAGIC 2.
Most of these tools compute the interaction in time domain. Today’s computers do
not have the appropriate capacity to manage such calculations in a time frame which
allows efficient design cycles using these software packages. Their dominant field of
use is the exploration of new concepts as well as the verification of measurement or
simulation results.

For design purposes, however, it is more adequate to use specialized software
tools. These can handle only a specific type of device or only work properly given
certain prerequisites. The simulation time can be reduced from several hours to
mere seconds per frequency point of interest. Specialized software can be further
categorized into large-signal and small-signal tools. The latter are very fast but can
only predict gain and not output power. Many small-signal codes implement the
Pierce theory outlined earlier in this chapter. Large-signal tools, on the other hand,
take nonlinear effects into account and can be just as accurate as their full-wave
counterparts, depending on the properties of the underlying models.

KlysTOP is such a specialized software with both a small- and a large-signal
implementation. Its name stems from the French expression “Klystron et Tube à
Onde Progressive” and means “klystron and traveling-wave tube”. In KlysTOP each
cell of the delay line is described by an EC and an axial length, called pitch. The
EC represents one or more modes of the delay line, while the pitch ensures that the
spatial distribution of the circuit field is correctly reproduced which is important for
the electrons inside the drift tube. The electron beam is modeled by Pierce’s theory
(small-signal version) or by discrete particles moving through a computational mesh
and subjected to circuit and space-charge fields (large-signal version). The latter
will be further discussed in this thesis, because a major contribution to the code
has been accomplished in the course of this work.

1https://www.cst.com/products/cstps/
2http://www.mrcwdc.com/Magic/
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3 Folded-Waveguide Delay Lines
In order to introduce a common notation, a brief overview over rectangular wave-
guides (RW) with a focus on the fundamental H10-mode is given before going into
the details of FW delay lines and the modeling in general and in KlysTOP.

An RW consists of a dielectric filling, most commonly air, fully enclosed by
metallic walls. A sketch of an RW is shown in Figure 3.1. In the following the RW
is supposed to be evacuated. Its guiding properties can be derived analytically by
solving the Helmholtz wave equation using separation of variables [16]. The deriva-
tions are not presented here. Only the main guiding principles and characteristics
important for later considerations are summarized.

The propagation constant and characteristic impedance of the fundamental
H10-mode are dictated by the width awg of the RW. The transverse electric field
possesses only a y-component with constant amplitude in y-direction and a half-sine
distribution in x-direction. The cutoff frequency fc of this mode is

fc = c0

2awg
, (3.1)

where c0 = (µ0ε0)−1/2 is the speed of light. At frequency f = ω/2π the propagation
constant and characteristic impedance of the H10-mode are

βwg = k

√√√√1−
(
fc

f

)2
(3.2)

and
Zwg = Z√

1−
(
fc
f

)2 , (3.3)

respectively. The free-space wavenumber is denoted by k = ω/c0 and the respective
wave impedance is Z = (µ0/ε0)1/2. In the lossless case, the propagation constant
βwg is imaginary below fc (evanescent damping), purely real above (propagation)
and tends towards k for very high frequencies, i.e., the wave then propagates at the
same speed as in free space.
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3 Folded-Waveguide Delay Lines

Figure 3.1: A rectangular waveguide.

3.1 General Topology
When used as a delay line, the waveguide is in general folded about the electron
beam axis. The folds can be realized as 90◦ corners (FW) or as smooth bends (SW).
In both cases the bends are located in the E-plane of the H10-mode. Figure 3.2
shows an FW delay line. A unit cell of length p is indicated. A circular tunnel for
the electron beam is located on the broad walls of the vertical waveguide sections.
The electric field of the fundamental H10-mode is axial as the waveguide crosses the
beam path and points in opposite directions after each folding, thus incorporating
an additional phase shift of π per unit cell.

As a rule of thumb, the phase velocity vph in axial direction far away from the
cutoff frequency achieved by an FW delay line can be approximated by

vph

c0
≈ 1

1 + Ls/p+ bs/p
, (3.4)

where Ls is the length of the vertical waveguide section, bs is the waveguide height
in the connecting slot, and p is the pitch. Equation (3.4) simply results from the
different path lengths of beam and waveguide. The geometry parameters given in
Figure 3.2 can be used to tune the delay line characteristics. Possible quantities to
characterize delay lines are discussed in Section 3.2.1, while a parameter study is
conducted in Section 3.2.2.

3.2 Eigenmode Simulation
Delay lines for TWTs are commonly characterized in the cold case, i.e., without
influence of an electron beam. This still takes into account the presence of the
electron beam tunnel, which can significantly affect the performance of the line.
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3 Folded-Waveguide Delay Lines

Figure 3.2: Longitudinal and cross section of a folded-waveguide delay line.

The propagation characteristics of EM waves on the delay line can be obtained
from eigenmode simulation. A single unit cell of the periodic delay line is modeled
and metallic parts are assumed to be a perfect electric conductor (PEC). The
dispersion diagram of the line is obtained by imposing a periodic boundary condition
in z-direction on the transverse fields. These are forced to differ in one plane from
the ones in the next plane by a phase factor. For the transverse electric field this
reads

Etan(x, y, z)|z=z1+p = Etan(x, y, z)|z=z1
· e−jφ, (3.5)

where φ is the phase advance of the respective mode with transverse complex field
Etan(x, y, z) and z1 is an arbitrarily defined axial position. The phase advance φ is
related to the propagation constant β of the eigenmode and the length of the unit
cell p via

φ = β · p. (3.6)
The fields fulfilling Equation (3.5) are a sum of spatial harmonics, or space harmonics,
according to Floquet’s theorem [16]. Each harmonic differs from the other by an
integer multiple of 2π in phase. The nth space harmonic has the propagation
constant

βn = β0 + 2πn
p

(3.7)

with n ∈ Z and β0 being the propagation constant of a space harmonic arbitrarily
defined as the fundamental mode (n = 0). In general, the overall field solution is
a superposition of an infinite number of space harmonics. This means that the
dispersion diagram only has to be computed for any continuous 2π interval, because
the results for all phase advances φ are a 2π-periodic function. This yields

βn = φ0 + 2πn
p

(3.8)
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3 Folded-Waveguide Delay Lines

Figure 3.3: An exemplary first Brillouin zone of a dispersion curve.

with φ0 ∈ [0, 2π) and n ∈ Z. All space harmonics have the same group velocity

vgr = ∂ω

∂β
, (3.9)

but a different phase velocity
vph = ω

β
. (3.10)

The latter is the important quantity for the synchronism condition in a TWT. Only
one space harmonic of the periodic delay line is synchronous with the electrons in
the beam.

A sample dispersion curve is depicted in Figure 3.3. The passband extends from
the lower cutoff frequency f1 to the upper cutoff frequency f2 with a forward- and a
backward-traveling wave as indicated by the slope of the band, i.e., with a positive
and negative group velocity, respectively. At the band edges the group velocity
tends to zero. This results in standing waves, i.e., no power is transported. Outside
the passband waves cannot propagate. They are exponentially damped. The rate
of attenuation increases with spectral distance to the passband.

3.2.1 Characterization
Eigenmode simulation can be used to qualify delay lines. Two quantities are used
in the following, namely the phase velocity vph and the coupling impedance Rc of
the fundamental forward wave.

The phase velocity was already defined in Equation (3.10). A constant or
minimally varying phase velocity is desirable. This is the case when the group
velocity is constant, i.e., when the dispersion curve is linear.

18



3 Folded-Waveguide Delay Lines

The coupling impedance of a certain space harmonic and modal field distribution
relates the amplitude of the space harmonic to the transported power along the delay
line. It is thus a measure of the energy stored in this particular space harmonic. For
a TWT the field strength in axial direction is important for beam-wave interaction.
Therefore, the coupling impedance is defined as [11]

Rc,n = |En|
2

2β2
nP

, (3.11)

with En being the complex axial E-field amplitude of the nth space harmonic
defined by

En = 1
p

p/2∫
−p/2

Ez(z) · ejβnzdz, (3.12)

where Ez(z) is the axial electric field and βn is the propagation constant given by
Equation (3.8). The total power P transported on the delay line is given by

P = 1
2

∫∫
Aw

<(Sz)dxdy, (3.13)

where Aw is an arbitrary cross section through the unit cell, Sz the z-component of
the Poynting vector, and <(Sz) its real part.

As already mentioned above, the space harmonics have different phase velocities.
Only one of them is synchronous with the electrons in a TWT. The harmonic
amplitudes |En| decrease with mode order n. Due to this fact it is desirable to
design a delay line to be synchronous with the fundamental harmonic for strong
interaction. The coupling impedance Rc,0 of the fundamental space harmonic is
denoted in the following by Rc for the sake of conciseness.

3.2.2 Parameter Studies
Efforts were made in the past to shape the EM properties of FW delay lines [17–20].
In this section a parametrized conventional FW delay line is systematically analyzed.

A relatively good design of an FW delay line for application in Q-band is used
as a starting point for the parameter study. The detailed geometry is given in
Table 3.1. The indicated geometrical parameters are shown in Figure 3.2. They
are varied about their nominal value to analyze the impact on the characteristic
quantities given in Section 3.2.1. Additionally, a non-conventional topology intended
to increase the coupling impedance is studied. Simulation is performed using the
eigenmode solver of Ansys EM3.

3http://www.ansys.com/en/Products/Electronics
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3 Folded-Waveguide Delay Lines

Table 3.1: Parameter ranges in (mm).
p rt Ls awg bs bg Lb sb

Nominal 1.1 0.35 2.0 3.8 0.9 0.55 0.0 0.9
Min 0.85 0.1 1.75 3.2 0.65 0.3 0.0 –
Max 1.35 0.6 2.25 4.4 1.15 0.8 0.20 –
∆ 0.05 0.05 0.05 0.05 0.05 0.05 0.025 –

(a) Phase velocity. (b) Coupling impedance.

Figure 3.4: Influence of pitch p.

Several studies similar to those presented in the following, but with different
geometries, have been conducted in the frame of this thesis. The tendencies observed
during these studies were the same for each case. This suggests that the following
investigations give fundamental trends for the analyzed delay line topology.

Pitch p

Varying the pitch is the standard way of tapering TWT delay lines, i.e., to change
the phase velocity in axial direction. Figure 3.4 summarizes the results for such
a variation in steps of 50 µm. Figure 3.4(a) shows the phase velocity from which
the dispersion and the passband can be deduced. The lower cutoff frequency of
the first mode is invariant with regard to the pitch. The upper cutoff frequency,
however, changes since it depends on the electrical length between discontinuities,
i.e., the electron beam holes and the bends. For a constant gap height bg a pitch
variation results in different lengths of the waveguide section parallel to the beam
axis. Aside from these effects it can be clearly observed that the pitch changes the
phase velocity almost linearly. The proportionality for this sweep is approximately
1% of c0 for every step of 50 µm.
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3 Folded-Waveguide Delay Lines

(a) Phase velocity. (b) Coupling impedance.

Figure 3.5: Influence of beam tunnel radius rt.

The impact on the coupling impedance can be seen in Figure 3.4(b). The
larger the pitch, the higher the coupling impedance becomes. Keeping in mind the
logarithmic scale of the ordinate, the impact is tremendous. Unfortunately, towards
the end of a tube the pitch has to be decreased for the wave to stay synchronous
with the electron beam. This results in a lower coupling impedance which impairs
the performance of the tube. The lower the coupling impedance, the weaker the
axial electric field is. A strong field is needed to counteract the space-charge forces
of the electron bunches. However, a higher coupling impedance closer to the input
is also beneficial as it increases the gain per unit length and thus allows for shorter
devices.

Beam Tunnel Radius rt

The beam hole diameter is a parameter to be chosen carefully. It should be as large
as necessary and as small as possible. A wide beam tunnel allows for a higher beam
current, because the beam radius can be larger, thus leading to smaller space-charge
forces. However, a wide beam tunnel affects the electrical performance of the delay
line more strongly, which is shown in the following.

Regarding Figure 3.5(a) it can be seen that the beam hole radius influences both
cutoff frequencies of the fundamental propagating mode. As a consequence the
phase velocity also changes, but the effect is not as pronounced as for the pitch.
The relative bandwidth is only slightly higher for smaller beam hole radii, because
the absolute bandwidth stays approximately constant.

The impact on the electric field on the axis is much stronger compared to the
dispersive effects. A smaller beam tunnel turns out to be beneficial for the coupling
impedance. This is easily explained when considering the field distortions at the
edges of the beam hole. These distortions lead to locally stored energy and large field
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3 Folded-Waveguide Delay Lines

(a) Phase velocity. (b) Coupling impedance.

Figure 3.6: Influence of straight waveguide section Ls.

amplitudes, thus increasing the axial electric field. This observation tips the scales
in favor of a small beam tunnel. It should be as small as possible while still being
able to handle the required electron beam current. However, the smaller the beam
radius for a given beam current the larger the space-charge forces, so this advantage
could be diminished when these effects are taken into account. Consequently, the
choice of a proper beam tunnel size constitutes an important trade-off.

Waveguide Length Ls

The length of the waveguide section traversing the beam axis mainly influences the
phase velocity. To ensure mechanical stability of the slow-wave structure (SWS) a
certain minimum length is required.

Figure 3.6(a) depicts the influence of Ls on the phase velocity. The lower cutoff is
insensitive to this parameter, but the upper cutoff is changed, because the electrical
length between discontinuities changes. Inside the passband the phase velocity
changes nonlinearly with Ls, since the lower cutoff stays constant. Close to this
frequency, the dispersion is strongest and therefore the effect of this parameter
becomes more pronounced at higher frequencies.

The variation of the coupling impedance with Ls is illustrated in Figure 3.6(b).
Here the effects are rather small, the shift of the upper cutoff frequency being the
most obvious. However, it can also be seen that the coupling impedance inside the
passband is slightly higher for smaller Ls. The electric field is higher relative to the
total EM energy when this waveguide section is smaller, because the overall volume
is smaller. Figuratively, the wave traveling on the delay line “sees” the beam axis
more often and therefore the coupling impedance increases.
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3 Folded-Waveguide Delay Lines

(a) Phase velocity. (b) Coupling impedance.

Figure 3.7: Influence of waveguide width awg.

Delay Line Width awg

The width awg dictates the lower cutoff of a straight waveguide. Therefore, this
parameter is also the most important one for FW delay lines. However, as the
waveguide is not straight, evanescent coupling between discontinuities can occur
which may shift the lower cutoff frequency slightly.

The phase velocity for a variation of awg is shown in Figure 3.7(a). For convenience
the lower cutoff frequencies of the respective straight waveguide H10-modes are
indicated by dashed vertical lines. They are strongly correlated with the lower
cutoff of the FW delay line. For very large values of awg the cutoff frequency is
very low and the phase velocity is approximately constant over a large bandwidth.
On the other hand, for very narrow waveguides the lower cutoff frequency is shifted
towards higher frequencies and the phase velocity becomes strongly dispersive.

The waveguide width has only a small impact on the coupling impedance Rc.
Apart from the shift in frequency, the impedance curves are very similar. Neverthe-
less, Rc is slightly higher for narrower delay lines, because the field energy is more
concentrated at the location of the electron beam.

Slot Height bs

Varying the height bs of the waveguide section parallel to the beam tunnel leads to
the dispersion curves shown in Figure 3.8(a). The smallest slot height corresponds
to approximately the waveguide height bg at the beam tunnel. This case constitutes
the smallest discontinuity for the local H10-mode along the waveguide path. The
transverse field shape does not change as strongly as in the other cases. The upper
cutoff frequency is shifted when the local reflections at the bends are increased.
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Figure 3.8: Influence of connecting slot height bs.

(a) Phase velocity. (b) Coupling impedance.

Figure 3.9: Influence of gap height bg.

Thus, very large or very small ratios bs/bg yield a more narrowband behavior with
strongly pronounced dispersion.

Changing bs affects the coupling impedance only marginally, because the change
is at a place far away from where it is determined. This is clearly observed in
Figure 3.8(b). Indeed, all curves are identical at the lower cutoff and only start to
deviate toward the upper cutoff frequency.

Waveguide Height bg

The height bg of the vertical waveguide section has an effect similar to the previously
studied parameter bs. The largest simulated value of bg is closest to the nominal
value of bs which leads to the least dispersive and most broadband characteristic as
can be seen in Figure 3.9. The lower cutoff is only marginally affected by a variation
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3 Folded-Waveguide Delay Lines

Figure 3.10: Geometrical parameters of a folded waveguide with nose cones. Side
walls are transparent.

of bg, while the upper cutoff frequency is shifted due to a change in coupling strength
between the bend discontinuities. The effect on the interaction impedance Rc is
similar, but more pronounced compared to the previous case. This parameter can
be used to control the shape of the electric field to some degree. However, the
bandwidth is substantially decreased in the process.

Nose-Cone Loaded Folded Waveguide

One major drawback of FW delay lines is their relatively weak coupling to the
electron beam, manifesting in a low coupling impedance Rc. This reduces the
maximum achievable beam efficiency [11]. It is therefore advantageous to shape
or enhance the electric field on the axis to increase the coupling impedance of the
fundamental space harmonic with only minor influence on the bandwidth.

Following the ideas from superconducting accelerator cavities [21] and the findings
of the previous section, a nose cone is introduced as indicated in Figure 3.10. The
nose cone functions as an extension of the beam tunnel into the vertical waveguide
section. It has length Lb and its outer cross section is a square with side length sb,
while the beam tunnel still has a circular cross section. The nose cones allow to
shape the electric field to enhance the content of the fundamental space harmonic.
Additionally, the magnitude of the total electric field is increased due to local field
distortions introduced by the nose cones.

Figure 3.11(a) illustrates the influence of the nose cone length Lb on the phase
velocity. For this analysis Lb is increased in steps of 25 µm. As expected, the phase
velocity is least dispersive without nose cone, i.e., Lb = 0. Introducing a nose
cone shifts the lower cutoff to longer wavelengths and results in more pronounced
dispersion. While the absolute bandwidth is decreased for longer nose cones, the
relative bandwidth is only marginally affected (in the range of a few percent). The
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(a) Phase velocity. (b) Coupling impedance.

Figure 3.11: Influence of nose cone length Lb.

(a) Nominal design. (b) Design with nose cones.

Figure 3.12: Comparison of electric field with and without nose cone. Color scales
are equal for both figures.

shift to lower frequencies can be counteracted by scaling the geometry to the desired
frequency band.

Figure 3.11(b) shows the impact on the coupling impedance. The minimum of
the coupling impedance is increased by a factor of two to three. However, the effect
saturates and is also limited by the waveguide height bg at the beam tunnel. The
maximum achievable beam efficiency ηbeam is proportional to the cubic root of the
coupling impedance [11, p.299]. The observed increase of the coupling impedance by
a factor of two thus results in a 26% larger maximum efficiency. Considering thermal
and power management on a satellite, this increase has tremendous implications
for a communication system. This modification makes the FW line a lot more
attractive for high-efficiency applications.

A comparison between the electric field of FW delay lines with and without nose
cone is shown in Figure 3.12. The isosurfaces indicate equal field strength where
blue and red correspond to low and high field values, respectively. The fields of the
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3 Folded-Waveguide Delay Lines

Figure 3.13: Equivalent-circuit model of folded-waveguide unit cell.

nominal design in Figure 3.12(a) shows the usual field distribution of FW delay lines.
Around the beam tunnel the fields are distorted and non-axial field components
are excited that do not contribute to beam-wave interaction. Apart from corner
effects, the field strength is more or less the same along the waveguide. The fields in
Figure 3.12(b) of a nose-cone loaded design exhibit larger field amplitudes around
the beam tunnel. The fields are more focused there, leading to the earlier observed
enhancement of the coupling impedance.

3.3 Equivalent Circuit Representation
For beam-wave interaction simulation using KlysTOP it is necessary to implement
an EC model for FW delay lines. Antonsen provided a simple and accurate model
for FW lines that describes the lowest propagating mode using five parameters [22].
Although the model is relatively simple, the lower part of the second propagating
mode is also modeled quite accurately. Their model is briefly outlined here and can
be assessed in detail in [22] and [23].

A schematic of Antonsen’s FW model is depicted in Figure 3.13. It consists of
two TLs. Parameters for each TL are assumed to be those of a straight RW. The
TLs are separated by a shunt admittance YS. The influence of the beam tunnel
and the bends is subsumed in this admittance which is a parallel LC resonant
circuit. The model parameters are the length Lwg/2 of each TL, the lower cutoff
frequency fc, the resonant frequency fS of the shunt, the magnitude ŶS of the
admittance, and the impedance parameter Z∞ which is defined as the waveguide
characteristic impedance for f →∞ (see Equation (3.3)). Furthermore, Antonsen
uses the quantity

∆∞ = Z∞ · ŶS

2 (3.14)

instead of ŶS as a model parameter.
Most of these parameters can be directly related to physical dimensions of the

delay line. However, in doing so one neglects the influence of the periodic nature of
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Figure 3.14: Lumped-element circuit folded-waveguide model.

the delay line. It is therefore preferable to use these parameters to fit the dispersion
curve and the coupling impedance obtained by eigenmode analysis. The fitting
process is described in the following section.

The coupling impedance of an EC cannot be directly compared to the one
obtained by eigenmode simulation. The distribution of the electric field along the
electron beam path is needed for this purpose (see Equation (3.11)). In the EC only
a voltage V1 at the location of the beam, the so-called beam port, can be obtained
and related to the transmitted power P along the EC. This results in the definition
of the Kino impedance through [24]

RKino = |V1|2

2P . (3.15)

The Kino impedance does not take into account the shape of the axial electric field.
It is a measure of the total electric field strength relative to the transported power.
Therefore, it is not suited to predict the interaction strength of a certain space
harmonic.

The Kino impedance according to Equation (3.15) can also be calculated from
full-wave eigenmode results. The complex axial electric field is integrated to
yield the complex-valued gap voltage V1, and the power is computed by means of
Equation (3.13).

The EC in Figure 3.13 contains TL sections that can be replaced by an EC
representation according to [25]. This EC exhibits the same behavior at the ports
as a TL with the same characteristic quantities. The complete lumped EC is shown
in Figure 3.14. The impedances are calculated as [25]

ZL,1 = Zwg · tanh(γLwg/4) and (3.16)
ZL,2 = Zwg · (sinh(γLwg/2))−1

. (3.17)

where γ = jβwg is the propagation constant of the line segment. From the EC
shown in Figure 3.14 a three-port impedance matrix can be derived that describes
the propagation in one unit cell of an FW delay line and provides a means to
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simulate the interaction with an electron beam. Losses along the FW line can be
incorporated by introducing a complex propagation constant γ = α + jβwg with α
being the attenuation constant. It can be obtained, for example, by a perturbation
approach assuming low metallic losses [26].

3.3.1 Dispersion of the Equivalent Circuit Model
Once the impedance matrix of a unit cell of an FW delay line is known, the
dispersion and electrical parameters of the periodic line can be readily deduced
using an eigenvalue approach similar to that in Section 3.2 and Equation (3.5).
Without electron beam, the three-port network in Figure 3.14 can be reduced to
two ports by terminating port 1 by an open circuit, i.e., I1 = 0. The reduced
impedance matrix [Z] with ports labeled as in Figure 3.14 is defined by(

V2
V3

)
= [Z] ·

(
I2
I3

)
. (3.18)

It can be transformed into the voltage-current transfer matrix [T ] defined by(
V3
−I3

)
= [T ] ·

(
V2
I2

)
(3.19)

in a straightforward manner. The transfer parameters then become

[T ] =
(
T11 T12
T21 T22

)
= 1
Z23

(
Z33 − det([Z])
−1 Z22

)
. (3.20)

Assuming a reciprocal and symmetrical two-port network with respect to ports 2
and 3 results in

[T ] = 1
Z23

(
Z22 Z2

23 − Z2
22

−1 Z22

)
. (3.21)

For a lossless and periodic delay line the voltages and currents of propagating
modes at port 3 are the same as those at port 2 except for a phase factor. The
eigenvalue problem

[T ] · x = ψ · x (3.22)
leads to eigenvectors x and corresponding eigenvalues ψ of the periodic unit cell.
From these the propagation constant and other electrical parameters can be obtained.
The characteristic equation

p(ψ) = det([T ]− ψ[I2]) = ψ2 − 2Z22

Z23
ψ + 1 != 0 (3.23)
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can be solved analytically and the eigenvalues are

ψ1,2 = Z22

Z23
±

√√√√(Z22

Z23

)2
− 1, (3.24)

where ψ1 and ψ2 correspond to the forward and the backward mode, respectively.
The phase and magnitude of ψ1,2 yield the phase shift and damping per unit cell,
respectively. For lossless lines the magnitude of ψ1,2 is one for propagating modes
and unequal to one for evanescent modes.

The voltages and currents of the forward and backward modes follow from

V ± =
√
Z2

22 − Z2
23 · Ieig, and (3.25)

I± = ±Ieig, (3.26)

where Ieig is an arbitrary current that represents a degree of freedom inherent to
this eigenvalue problem. The superscripts “+” and “−” denote the amplitude of
the forward- and backward-traveling mode, respectively. From Equations (3.25)
and (3.26) the characteristic impedance of the periodic delay line is calculated
according to

Z± = V ±

I±
= ±

√
Z2

22 − Z2
23. (3.27)

Additionally, the Kino impedance can be derived directly from the Z-parameters of
the unit cell. Using circuit theory, the voltage at the interaction gap (port 1) and
the transported power are obtained from

V1 = Ieig · (ψZ12 − Z13) and (3.28)
P = 0.5 · <(V ±I±∗) = ±0.5 · |Ieig|2 · <(

√
Z2

22 − Z2
23), (3.29)

respectively. From these the Kino impedance follows using Equation (3.15).

3.3.2 Abstract Coupler and Sever Model
The EC model presented in the previous section allows to setup a delay line circuit.
However, a circuit topology to include couplers and severs is missing. Therefore,
it cannot be used in a simulation tool without further work. Energy has to be
injected into and extracted from the delay line. Additionally, a sever model is
needed, because conventional TWTs are in general equipped with one or more
severs to improve stability.

Proper models for such devices are necessary when a new model for a type of
delay line is to be tested. Therefore, it would be preferable to model ideal couplers
and severs, i.e., to directly excite the wave on the delay line without reflections,
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Figure 3.15: Abstract model of ideal coupler.

and absorb the wave in a similar fashion. In order to achieve this, the characteristic
impedance of the periodic line has to be known [26]. This quantity follows from
Equation (3.27) and can be used once the [Z] matrix of the delay line is known.

This impedance can be used to abstractly model couplers with the possibility
of implementing an arbitrary (local) reflection coefficient Γ. A possible EC for a
transformer that exhibits such a behavior is given in Figure 3.15. The impedance
parameter ZT of the transformer is given by [26]

ZT = −j
√
Z1Z2, (3.30)

where Z1 and Z2 are the reference impedances at port 1 and 2, respectively. If one
of the impedances in Equation (3.30) is modified according to

Z̃i = Zi
1 + Γ
1− Γ , (3.31)

a complex local reflection factor Γ can be taken into account. It does not matter
which impedance is modified, since the transformer EC in Figure 3.15 is symmetric.

In a similar fashion the impedance of Equation (3.27) can be used to model
a sever which corresponds to a load impedance to absorb the periodic wave. A
predefined reflection factor can also be considered using Equation (3.31).

3.3.3 Nonlinear Curve Fitting
Antonsen’s FW model has four degrees of freedom to adjust the dispersion of the
delay line and one additional degree for the impedance level of the EC. The model
does not rely on the real physical dimensions of the delay line as similar models do,
e.g. [27]. This is a major advantage of this model, because it allows for a much more
accurate prediction of the phase velocity, which is crucial for interaction simulation.

This accuracy comes at a price, because the five parameters of the model have
to be determined. This can be achieved by minimization, for example. The
function to be minimized is the RMS error between the characteristics obtained
from the EC and those from eigenmode simulation. First, the four parameters
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Table 3.2: Parameters obtained by curve fitting.
fc in (GHz) Lwg in (mm) Zc in (Ω) fS in (GHz) ŶS in (mS)

B-FW 38.42 3.09 151.24 42.23 9.13
NC-FW 37.45 2.90 161.17 37.47 11.41

determining the dispersion are obtained by minimizing the deviation of the ω-β
curves. The physical dimensions of the delay line are used as initial values in this
process. The minimization is performed by Basin-Hopping [28] in this work. There
are multiple parameter sets that lead to the same model accuracy, i.e., there is
no unique minimum. That said, it is sufficient to acquire one set of parameters
satisfying a desired accuracy in contrast to finding a global minimum. Chernin
also proposed a method to reduce the number of fitting parameters by including
additional information about the dispersive behavior of the model [23].

When the dispersion parameters are fixed, the impedance of the TLs is obtained
by setting the Kino impedance of the model to the one calculated from the eigenmode
fields at a certain frequency. Usually, this frequency is chosen to be at the center of
the operating band.

An exemplary fitting result for an FW with geometrical parameters given as
“Nominal” in Table 3.1 is shown in Figure 3.16. The resulting model parameters
for this basic FW (B-FW) are listed in Table 3.2. The dispersion of the lowest
propagating mode in Figure 3.16(a) is rendered very accurately by the model.
Despite the simplicity of the model, the lower part of the upper mode is also
described very well with deviations arising toward higher frequencies. The obtained
Kino impedance is shown in Figure 3.16(b). It is fitted at a frequency of 45GHz
and agrees well with the full-wave results for the fundamental mode.

The relative deviations ∆rel for the dispersion and Kino impedance are plotted
in Figure 3.16(c) over frequency. According to [29] a delay line model should render
the phase velocity and the Kino impedance with an accuracy of 0.5% and 10%,
respectively. Therefore, the obtained results for dispersion and Kino impedance
are well within the required boundaries for accurate interaction simulation of the
lowest propagating mode.

The model is still accurate when introducing a nose cone into the FW delay line.
The geometry is identical to that of the B-FW, except for the nose cones. Their
dimensions are given by Lb = 0.125mm and sb = 0.9mm (cf. Figure 3.10). The EC
parameters for the nose-cone loaded FW (NC-FW) obtained through minimization
are also given in Table 3.2. Eigenmode and EC model results are compared in
Figure 3.17. Again, the accuracy for the dispersion is around 0.2% for the lower
mode, and the upper mode is well represented near its lower cutoff. The relative
error of the Kino impedance is well below 5% inside the lower passband.

32



3 Folded-Waveguide Delay Lines

(a) Dispersion. (b) Kino impedance.

(c) Relative deviations.

Figure 3.16: Comparison of results obtained by equivalent-circuit model and Ansys
EM for the nominal design.

A few remarks can be made when comparing the two sets of model parameters in
Table 3.2. Although the model parameters are obtained by a curve fitting process,
certain conclusions and physical interpretations can be drawn from their respective
values. First of all, the nose cone shifts the cutoff frequency of the TL to lower
frequencies. This fact was already observed in Section 3.2.2 for the folded line.
Additionally, Lwg is reduced although the physical length is the same in both cases.
This means, however, that the electrical length of the TLs has changed which
leads to a different upper cutoff frequency. The shunt resonant frequency fS is also
reduced and incidentally lies in the range of the lower cutoff frequency fc for the
NC-FW line. The amplitude ŶS of the shunt admittance relative to the waveguide
impedance Zc is considerably larger for the NC-FW case. Physically, the nose
cones introduce distortions manifesting in local reflections. In the model, a large
shunt admittance amplitude ŶS leads to more pronounced reflections, since the
admittance is connected in shunt between the two TL sections.
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(a) Dispersion. (b) Kino impedance.

(c) Relative deviations.

Figure 3.17: Comparison of results obtained by equivalent-circuit model and Ansys
EM for the design with nose cones.

3.3.4 Correction of Electric Field Shape
As has been mentioned above, only the Kino impedance can be obtained from the
EC representation. However, for interaction simulation it is more important to
describe the coupling impedance accurately. For this purpose the shape of the axial
electric field across the beam cross section is needed. In KlysTOP an approximation
of the actual electric field is obtained by solving the Laplace equation

∆ϕ = 0 (3.32)

in the electron beam region where ϕ is an electrostatic potential. The resulting field
shape is normalized such that its integral is 1V. On the axis it is Gaussian-like.
The field is maximum in the center of the interaction gap and decays into the beam
tunnel region. Away from the beam axis the field is more strongly concentrated
in the vicinity of the gap. For radii approaching the beam tunnel, the field is
approximately zero outside the gap and similar to a cosine hyperbole inside the
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Figure 3.18: Field shapes used in KlysTOP.

gap. Field shapes of the axial electric field Ez for two different radii are sketched in
Figure 3.18.

Matching the Kino impedance would be sufficient, if the same field shape were
used in KlysTOP as in Ansys EM. However, since this is not the case, either the
impedance parameter of the FW model or the axial electric field have to be adjusted
in order to obtain the correct coupling impedance.

Inspecting Equations (3.11) and (3.15) shows that the Kino and coupling
impedance are in fact closely related. This relation is briefly outlined here. When
the axial electric field shape S(z) is normalized such that

∞∫
−∞

S(z)dz = 1, (3.33)

the gap voltage V1 is obtained by

V1 =
∞∫
−∞

Ez(z)dz
∞∫
−∞

VβS(z)dz = Vβ, (3.34)

where Vβ is the electric field amplitude. Calculating the spectrum of the axial
electric field leads to

Eβ =
∞∫
−∞

VβS(z) · ejβzdz 4= Vβ · Sβ, (3.35)

where Sβ is the spectrum of the normalized local field shape. Since S(z) is a
localized, non-periodic function in z, its spectrum is continuous and calculated
according to the Fourier transform. Inserting Equation (3.35) into Equation (3.11)
leads to

REC
c,n = |Eβn|2

2φ2
n · P

= |Vβn|2

2P · |Sβn|2

φ2
n

= RKino · Fn, (3.36)
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with φn = βnp, βn the propagation constant of the nth space harmonic, and Fn a
defined shape factor of the nth space harmonic. It depends on the dispersion of
the delay line and the field shape on the axis. Equation (3.36) gives a relationship
between the coupling impedance and the Kino impedance. Additionally, it yields
the delay line’s coupling impedance assuming the axial field shape S(z) and a given
EC model. The shape factor Fn describes all frequency dispersion effects related
to the field shape and takes into account the distributed nature of the delay line
circuit, while RKino includes all network-related effects modeled by the lumped
elements.

The representation given in Equation (3.36) is useful, because it allows to
extrapolate the coupling from the Kino impedance for any known axial electric
field shape and dispersion. Thus, a field shape as in KlysTOP can be used, if it is
corrected using additional information about the actual coupling impedance. The
electric field shape S(z) can then be scaled at each frequency by

δ0 =

√√√√ RFW
c,0

RKino · F0
, (3.37)

where RFW
c,0 is data supplied from a full-wave solver about the coupling impedance

of the fundamental space harmonic and RKino · F0 is the EC coupling impedance
of the same space harmonic assuming the field shape S(z). The electric field is
thus forced to exhibit the proper amount of coupling to the electron beam. All
quantities in Equation (3.37) are frequency-dependent.

To illustrate the impact of the field shape used in KlysTOP, δ0 is plotted over
frequency in Figure 3.19 for two different FW delay lines, the parameters of which
are given in Table 3.2. For the B-FW line, plotted in blue, it is apparent that
a constant scaling factor would be sufficient inside the passband. The strong
deviations at the edges of the passband stem from inaccuracies of the dispersion
obtained from the EC, where a small error in frequency results in a large error in
Kino impedance. Additionally, Equation (3.37) is not applicable when the Kino
impedance is infinite, i.e., when the transported power vanishes.

The NC-FW line featuring nose cones (green line) clearly shows the merit of
scaling the field shape at each operating frequency. Inside the passband the scaling
factor is approximately linear over frequency and varies between 1.25 and 1.6
excluding the effects at the band edges. A constant scaling would lead to an error
in coupling impedance for the fundamental space harmonic proportional to δ2

0, i.e.,
an error between 56 and 156%.

For both delay lines it is additionally obvious that a scaling, either constant
or frequency-dependent, is necessary, because δ0(f) 6= 1 throughout the analyzed
frequency band. This means that the Kino impedance together with the field shape
provided by KlysTOP does not exhibit the correct coupling impedance at any
frequency point.
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Figure 3.19: Scaling factors for field shapes used in KlysTOP.

As an additional note, the actual field shape is less important for tubes with a
high accelerating voltage. When the electron’s traveling time across the interaction
gap is negligibly small, which is the case for either small gaps and/or fast electrons,
only the voltage acting on the electrons matters. The envelope of the field simply
changes too fast from the point of view of the electrons. For CC-TWTs this holds
true, and KlysTOP was primarily developed for this kind of tube.

3.3.5 Synthesis of Electric Field Shape
Scaling an existing field shape as in the previous section might yield the correct
coupling impedance at each frequency. However, the scaled shape might not be
physical and can therefore lead to undesired behavior in an interaction simulation.
Also, the scaled field shape yields only correct values for one space harmonic and
only inside the passband. It is therefore preferable to define a field shape which is
independent of frequency and yields the correct coupling impedance for all space
harmonics. Following a method described in [30] a field shape model is derived
from a combination of full-wave and EC results.

The periodic longitudinal field Ez(z, β) inside one period p can be written as

Ez(z, β) = Vβ ·
∞∑

m=−∞
S(z −mp) · e−jmβp, (3.38)

where Vβ is the field amplitude, S(z) is a local, frequency-independent, normalized
field shape, and a phase progression per period of βp is assumed. Equation (3.38)
assumes that the periodic field Ez is a superposition of the local field shapes at all
gaps. On the other hand, the field shape S(z) at one gap can be obtained from
Equation (3.38) with m = 0 and is

S(z) = p

2π

∫ 2π/p

0

Ez(z, β)
Vβ

dβ. (3.39)
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Instead of Ez(z, β), its separation into space harmonics is used for further analysis,
i.e.,

Ez(z, β) =
∞∑

n=−∞
En · e−jβnz, (3.40)

where βn is the propagation constant of the nth spatial harmonic defined by Equa-
tion (3.8) and En is the respective complex amplitude according to Equation (3.12).
Inserting Equation (3.40) into Equation (3.39), interchanging integration and sum-
mation, and rearranging the integrals lead to

S(z) = 1
2π

∫ ∞
−∞

p
Eβ
Vβ
· e−jβzdβ, (3.41)

where Eβ is the Fourier transform of Ez(z). If S(z) is an even function, then Eβ/Vβ
is real and even. Additionally, if Eβ decreases with β, Equation (3.41) can be
written as

S(z) ≈ 1
π

∫ βmax

0
p
Eβ
Vβ
· cos(βz)dβ, (3.42)

where βmax is the largest spatial frequency to be taken into account. Equation (3.11)
and Equation (3.15) provide information about Eβ and Vβ, respectively, indepen-
dently of the transported power. Therefore, Equation (3.42) can be cast into

S(z) ≈ 1
π

∫ βmax

0
βp

√√√√ Rc,β

RKino,β
· cos(βz)dβ, (3.43)

where Rc,β and RKino,β are the coupling and Kino impedance at β, respectively.
For the subsequent synthesis Rc,β is computed using full-wave eigenmode results
from Ansys EM, while RKino,β stems from Antonsen’s EC model for FW delay
lines. In this model all impedances are proportional to Zc and therefore the gap
voltage is proportional to

√
Zc. If we calculate the circuit assuming Zc = 1 Ω, the

normalization integral
VS =

∫ ∞
−∞

S(z)dz, (3.44)

gives the waveguide impedance
Zc = V 2

S (3.45)
to be used in the model to obtain the correct coupling and Kino impedance with
the normalized field shape S(z)/VS. This method can be used as an alternative to
the fitting procedure for Zc outlined in Section 3.3.3.

Care has to be taken, if Equation (3.43) is calculated with a discrete rather
than a continuous spectrum. The integral then becomes a sum and repetition field
shapes occur according to the frequency separation ∆β of the samples. This limits
the range of z values where S(z) is valid.
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(a) Field shape. (b) Spectrum.

Figure 3.20: Synthesized field shape and spectrum.

For illustration a field shape for the NC-FW structure (Table 3.2) is considered.
The resulting unnormalized field shape S(z) and its spectrum pEβ/Vβ are shown
in Figures 3.20(a) and 3.20(b), respectively. The field shape is strongly localized
in the vicinity of the gap. At z = ±p the sign of the shape function has changed
and its amplitude is only a fraction of the one at z = 0. Farther away from the
gap center, the field shape is already at a negligible level. The rate of decrease
depends certainly on the analyzed structure, and is smaller for unit cells that are
more strongly coupled. The spectrum in Figure 3.20(b) is indeed band limited.
Therefore, βmaxp = 6π is chosen during the assembly of S(z). This value has been
found to yield good results for all tested FW lines.

The EC model with the derived field shape is now used to calculate the coupling
impedance. It is compared with full-wave results in Figure 3.21(a). The agreement
is excellent, and no discernible error appears. Therefore, the relative error is
additionally depicted in Figure 3.21(b). Inside the passband it is well below 1% and
slightly higher near the band edges. This can be traced back to small deviations in
the dispersion between the EC model and eigenmode simulation results. Then a
small error in frequency results in a large error in coupling impedance.

3.4 Fabrication and Characterization of
Folded-Waveguide Delay Lines

The FW structure analyzed in Section 3.2.2 has very small feature sizes down to
10 µm. It is very challenging to manufacture such a delay line given the high level
of accuracy needed to realize the correct phase velocity for TWT applications. An
FW structure featuring rectangular nose cones [31, 32] is fabricated in the frame
of this work. For ease of manufacturing, the nose cones are only placed on one
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(a) Coupling impedance. (b) Relative error.

Figure 3.21: Comparison of coupling impedance obtained by Ansys EM and
equivalent-circuit model with synthesized field shape.

side of the interaction gap. The respective geometry parameters are summarized in
Table 3.3. The fabrication process is presented and measurements are evaluated in
this section.

3.4.1 Fabrication
The FW delay line is fabricated at Thales Electronic Systems GmbH, Ulm, Germany.
The process is outlined in Figure 3.22. A block of molybdenum (Mo) is used as
bulk material as shown in Figure 3.22(a). A contour is then eroded electrically
by a small wire which is subject to high voltage. The large potential difference
between the wire and the material leads to discharges that erode the material in the
vicinity of the wire. This process is called “electrical discharge machining” (EDM).
A constant dielectric liquid flow washes away the debris and serves as conduit for
the discharge. The wire runs on a spool and is thus constantly renewed, since
the sparks remove material from the wire as well as from the workpiece. A highly
accurate two-dimensional profile is obtained using this process (Figure 3.22(b)).

The ridges are then partly milled away from both sides, thus becoming nose
cones (Figure 3.22(c)). It might occur that the milling leads to formation of burr
at the edges of the nose cones. Care has to be taken to avoid this, because burr
can lead to large fields and undesirable electrical effects such as reflections.

Table 3.3: Parameters of the fabricated delay line in (mm).
p rt Ls awg bs bg Lb1 Lb2 `

1.1 0.35 2.0 3.7 0.9 0.55 0.25 0.0 68.2
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(a) Bulk material. (b) Folded-waveguide profile.

(c) Nose cones. (d) Small beam tunnel.

(e) Final beam tunnel. (f) Soldered covers.

Figure 3.22: Fabrication overview.

After the nose cones are properly milled, the beam tunnel is manufactured. For
this purpose, a fine hole is drilled from both sides of the line (Figure 3.22(d)) which
is later enlarged by EDM to the proper diameter (Figure 3.22(e)).

Next, the workpieces are acid-cleaned in preparation of the copper-plating process
which is necessary to properly solder the side walls onto the center piece (Fig-
ure 3.22(f)). After the soldering step, the workpieces are machined to a cylindrical
shape to allow later insertion into a measurement flange for electrical characteriza-
tion.

Four different delay lines were fabricated: two made from Mo, and the other
two from a MoCu alloy. Mo has a low thermal expansion coefficient. Mixing it
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(a) Eroded and milled line. (b) Copper-plated line.

Figure 3.23: Images of intermediate stages of fabrication.

with copper, however, increases the thermal conductivity considerably which is
preferable for high-power applications. Therefore both variants were manufactured
to compare producibility.

Microscope images of a Mo workpiece before acid cleaning and after copper
plating are shown in Figure 3.23. The fabricated lines are characterized optically.
The measurement protocol confirms that almost all tolerances could be met, except
for one delay line where Lb exceeds its specified value by approximately 5 µm.
However, this is still an acceptable result. One of the MoCu lines was ruined,
because the small holes for the beam tunnel did not meet in the middle of the line.
Nevertheless, the workpiece was further processed in order to test the subsequent
fabrication steps.

3.4.2 Resonant Measurement
The fabricated delay line is characterized electrically by measuring the fundamental
mode phase velocity without evacuation or electron beam (cold measurement).

For the measurement of the dispersion the homogeneous delay line is terminated
at both ends by strongly reflecting discontinuities. A ripple is then observable in the
measured input reflection spectrum Γin. The resonant frequencies can be evaluated
to derive the dispersion curve [33]. Starting at the cutoff frequency, minima in the
spectrum occur at frequencies where the electrical length is such that destructive
interference occurs, i.e.,

β0` = nπ, (3.46)
where β0 is the fundamental propagation constant of the periodic line, ` is the line
length, and n is the longitudinal mode index. If the line is ` = Nc · p long, with p
the pitch and Nc the number of unit cells, the phase change per unit cell φ can be
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Figure 3.24: Results of resonant measurement.

calculated from [33]
φ = β0p+ π = nπ

Nc
+ π, (3.47)

where the additional phase shift of π stems from folding the FW line after each
unit cell. The fabricated delay lines have Nc = 62 unit cells.

A sample input reflection spectrum from a one-port measurement is depicted
in Figure 3.24(a). The delay line is terminated by an open circuit which reflects
strongly. The input coupler also exhibits a pronounced mismatch, because it was
actually designed for another delay line at a lower frequency. The cutoff frequency
of the delay line is clearly visible at about 38GHz which agrees very well with
the simulation results from Ansys EM of fc = 37.8GHz. At low frequencies,
the ripple period is very small, but changes rapidly over frequency which stems
from the underlying dispersion. Close to the cutoff, it is difficult to identify the
resonant frequencies as the high attenuation masks the minima, or rather, the
attenuation is too high such that interference cannot occur. This is why the first
resonant frequencies are not measurable. Each of these missing resonances shifts
the dispersion curve by π/Nc (see Equation (3.47)). By extrapolating the frequency
spacing between the first visible minima, it can be assumed that six resonant
frequencies cannot be observed.

The calculated dispersion of the three fabricated lines (“Mo1”, “Mo2”, and
“MoCu2”) is plotted in Figure 3.24(b) together with full-wave eigenmode results
from Ansys EM. The agreement is very good, especially the lower cutoff is very well
verified by all three lines. For the line “MoCu2” three more resonances could be
identified. Around φ = 5.0 there is a small deviation in all measured curves. Starting
at approximately 42.2GHz the H20-mode of the feed waveguide, which is wider
than the measured FW line, can propagate and presumably shifts the measured
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(a) “Line” standard.

(b) “Thru” standard.

Figure 3.25: Measurement setup of the delay line.

results. The beam tunnel seems to be correctly centered, since a misalignment
would lead to a stopband at φ = 3π/2 ≈ 4.71. This stopband, caused by an actual
periodicity of twice the gap-to-gap pitch p, is not observed in any of the fabricated
delay lines. Unfortunately, the lines could only be characterized by this method up
to 46GHz due to the measurement setup.

3.4.3 Measurement of Complex Propagation Constant
Since the previous measurements could not be conducted across the whole passband,
a different characterization approach is now used that can be evaluated more easily.
In general, it is not necessary to obtain the scattering parameters of the delay line
under test, since the complex propagation constant is of interest. For this purpose
a measurement procedure as in [34] is applied and briefly outlined here.

The measurement setup is depicted in Figure 3.25(a). It requires a calibration
standard in addition to the actual delay line. The calibration standard is shown
in Figure 3.25(b). For both measurements the vector network analyzer (VNA) is
calibrated to the characteristic impedance of the connecting waveguide.

The measured scattering parameters [Sline] and [Sthru] can be transformed to the
wave cascade parameters [Tline] and [Tthru], respectively [35]. They can be further
separated into

[Tline] = [Tsteps,1] · [TFW] · [Tsteps,2] and (3.48)
[Tthru] = [Tsteps,1] · [Tsteps,2] , (3.49)
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where [TFW] is the cascade matrix of the FW delay line, and [Tsteps,1] and [Tsteps,2]
are the cascade matrices of the input and output stepped transformers, respectively.
Multiplying [Tline] by the inverse of [Tthru] results in

[Tline] [Tthru]−1 = [Tsteps,1] · [TFW] · [Tsteps,1]−1
. (3.50)

The matrices [Tline] [Tthru]−1 and [TFW] are mathematically similar and thus exhibit
the same trace. A homogeneous piece of TL of length ` has a cascade matrix of the
form

[T ] =
(
e−γ` 0

0 e+γ`

)
, (3.51)

where γ = α + jβ is the complex propagation constant with attenuation constant
α and phase constant β. Therefore, the complex propagation constant can be
computed from

γ =
arcosh

(
0.5 · trace

(
[Tline] [Tthru]−1))

`
. (3.52)

The two stepped impedance transformers in waveguide technology are connected
to the VNA and the FW line via flanges. The transformers are optimized in Ansys
EM to exhibit a low reflection across the passband. In the “thru” standard the
same transformers are used. However, a short piece of waveguide with the same
cross section as the input of the FW line (3.7 × 0.9 mm2) is placed between the
transformers instead of the delay line. Therefore, the influence of the change in
waveguide width is also included in the calibration. For the “line” and “thru”
measurements the same transformers are used, i.e., after one measurement they are
disconnected from the setup and reused for the other. This immensely improves
the accuracy of the approach. Otherwise, mechanical inaccuracies during the
manufacturing of the waveguide components would deteriorate the measurement
results, because the cascade matrices would be different and would therefore not
cancel out as in Equation (3.50).

The measured S-parameters for the “line” and “thru” setup are shown in Fig-
ures 3.26(a) and 3.26(b), respectively. The passband is clearly visible in the “line”
measurement. The stepped transformers yield low reflections across the band for
both the “line” and the “thru” setup.

From these results the complex propagation constant γ = α + jβ can be derived
by applying Equation (3.52) with ` = 62p = 68.2mm. The phase constant β
calculated from the imaginary part of the inverse cosine hyperbole is ambiguous by
increments of 2π. This is corrected by minimizing

RMSβ` =
[
(β`)HFSS −

(
(β`)Meas + 2πn

)]2
(3.53)

inside the passband and with an integer n. The real part of γ is uniquely defined and
needs no further processing. The results for β and α are shown in Figures 3.27(a)
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Figure 3.26: Measurement results for line “Mo2”.

and 3.27(b), respectively. In Figure 3.27(a) the obtained results are additionally
compared with the eigenmode results. The agreement is excellent with deviations
of less than 1% across the passband. Only the lower cutoff frequency for “MoCu2”
and at the upper one for “Mo2” and “MoCu2” exhibit slightly larger discrepancies.
The attenuation over frequency in Figure 3.27(b) is also quite similar for all lines.
They exhibit a relatively low attenuation of approximately 0.5 dB/cm. There are
some artificial peaks in Figure 3.27(b) due to the evaluation algorithm, presumably
when the transmission through the delay line is low. Small peaks around 42GHz are
proof of slight asymmetries of the electron beam tunnel that could not be identified
with the resonant measurement setup. If the beam tunnel would be off-centered, a
stopband would occur at this frequency. The placement of the beam tunnel seems
to be acceptable for all manufactured lines, since the dispersion in Figure 3.27(a)
shows no discernible stopband.

The obtained attenuation α has an order of magnitude comparable to that of
typical helical delay lines in this frequency range which exhibit approximately 0.1 dB
of attenuation per wavelength. Therefore, it should be relatively easy to extract
the amount of loss-induced heat, since the FW delay line consists of bulk metal.
An accurate thermal prediction calls for involved multi-physics simulation and is
outside the scope of this thesis. However, the distribution of the surface current in
the lossless case can be used to estimate the impact of the nose cones on the power
loss distribution. The edges of the nose cones might lead to strongly increased
electric field and surface current density amplitudes. The distribution of the latter
obtained by eigenmode simulation with and without nose cone is compared for this
purpose. The maximum surface current density along the center of the FW line
is slightly increased by 10% due to the nose cones. This means that local power
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Figure 3.27: Comparison of derived propagation constants.

conversion is only marginally changed, not taking the slightly longer path length
into account.

The obtained results verify the reproducibility and feasibility of nose-cone loaded
FW lines. Additionally, the agreement with full-wave results confirms the field
enhancement achieved by means of the nose-cone topology.
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4 Matching for Cold and Hot
Operation

In Section 3.3.2 models for delay lines with ideally matched couplers and severs have
been introduced. The ideal matching condition was derived from the characteristic
impedance of the delay line circuit. Coupling the delay line to an electron beam,
however, changes the propagation constant and characteristic impedance of the
line [36, 37]. In the following, all quantities related to the first case are denoted as
cold, while those related to the latter case are referred to as hot. The approach
outlined in [36, 37] is applied here to an FW-TWT. Alternative modeling approaches
of space-charge induced reflections and hot operation can be found in [38, 39].

4.1 Dispersion of the Coupled System
For the subsequent analysis, the coupled beam-wave system is assumed to be
a periodic structure so that considering a single unit cell is sufficient to derive
characteristic quantities. In order to determine the impact of an electron beam
coupled to the delay line, a beam model similar to the one presented in Section 2.2.2
is used. The modulation of the beam is thus modeled by velocity and space-charge
density amplitudes, u and ρ, that are assumed to be small with respect to their
DC counterparts.

This description of the electron beam is coupled to the EC model of the FW line
outlined in Section 3.3. All in all, a four-by-four transmission matrix can be set up
to relate the relevant signals in one plane of the periodic unit cell to those in the
other. This yields 

V3
−I3
ub
ρb

 = [Tc] ·


V2
I2
ua
ρa

 , (4.1)

where V2,3 and I2,3 denote the voltages and currents at the respective ports, and
ua,b and ρa,b are the amplitudes of velocity and charge density modulation in the
respective planes. The coupled unit cell is illustrated in Figure 4.1, where [Z]
indicates the three-port impedance matrix of the delay line unit cell. Rotational
symmetry of the beam tunnel region is assumed.
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4 Matching for Cold and Hot Operation

Figure 4.1: Schematic of coupled beam-wave unit cell.

The transfer matrix of the coupled system [Tc] is obtained numerically by evalu-
ating the interaction of the delay line and the electron beam in one unit cell. The
axial electric field shape, as described in Section 3.3.4, is crucial in this analysis,
because it defines the coupling between the two systems. It determines the field the
beam is subjected to (Equation (2.9)) and also the current induced in the delay line
(Equation (2.19)). The field shape of KlysTOP discussed in Section 3.3.4 is used
for the following analysis. Once the matrix [Tc] is set up, the eigenvalue problem

[Tc] ·


V2
I2
ua
ρa

 = ψ ·


V2
I2
ua
ρa

 (4.2)

is solved numerically. Again, as in Section 3.3.1, the eigenvalues and -vectors can
be interpreted physically. The phase (magnitude) of the complex eigenvalue ψ
corresponds to the phase shift (gain) per unit cell. Forward and backward traveling
modes can be distinguished and amplification can be identified by evaluating the
eigenvalues and -vectors. This way a coupled, or hot, characteristic impedance can
be defined.

Four modes exist in the coupled system, since each (n× n) matrix has exactly n
eigenvalues including algebraic multiplicity. The same number of coupled modes is
found from the solution of the determinantal equation as in Section 2.2.3. Depending
on the synchronism, these modes are more or less tightly bound to the delay line.
For example, when EM wave and electron beam are not synchronized, there are two
modes on the delay line (forward and backward traveling mode) and two on the
electron beam (slow and fast space-charge mode). For normal TWT interaction as
discussed in Section 2.2.3 these modes couple and there are three forward traveling
modes, one fast and two slow ones, in addition to a backward traveling mode. One
of the slow modes grows exponentially, i.e., the operating mode of a TWT, while
the other one decays.
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Figure 4.2: Comparison of uncoupled (“Circuit” and “Beam”) and coupled disper-
sion curves.

Sweeping over the operating frequency and solving the eigenvalue problem in
Equation (4.2) results in the dispersion curves shown in Figure 4.2 for the uncoupled
(red and blue lines) and coupled case (red dots). In this example, the EC parameters
of the nose-cone loaded line (NC-FW in Table 3.2) are used and coupled to a beam
with V0 = 12.5 kV, I0 = 0.4A, and rb = 0.25mm. Figure 4.2(a) depicts the
operating frequency f over the phase φ, while Figure 4.2(b) shows the operating
frequency f over the magnitude |ψ| of the eigenvalues. Without synchronism the
modes propagate independently as in the uncoupled case. Inside the passband the
circuit mode propagates without attenuation (lossless case), and outside the modes
are evanescently damped. The space-charge modes are undamped at any frequency.
When the slow beam mode and forward traveling mode have approximately the same
phase velocity, two coupled modes with the same phase constant exist (Figure 4.2(a)).
One of these modes has a growing, the other one a decaying amplitude as can
be seen in Figure 4.2(b). This frequency range is denoted as the amplification
bandwidth in the following. It ranges from approximately 39 to 44GHz in this case.

Identifying the modes from the eigenvalue problem is not straightforward, es-
pecially when done over a broad range of frequencies exceeding the amplification
bandwidth or even the cold passband. A mere check of, e.g., the magnitude |ψ| is
not sufficient, because an evanescent backward mode also exhibits |ψ| larger than
unity, similarly to an amplified forward mode. The transported power has to be
taken into account to identify the modes properly. Even with this consideration the
coupled modes can only be identified by taking the electron beam parameters into
account. For example, if the beam is synchronous with the backward traveling mode,
a narrowband phenomenon known as backward-wave oscillation may occur [11].
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Figure 4.3: Comparison of cold and hot characteristic impedance.

The interpretation of the eigenvalues and -vectors is fundamentally different for
this kind of beam-wave interaction.

The characteristic impedance of the coupled system, or hot characteristic impedance,
is calculated by relating the voltage Vamp to the current Iamp of the amplified forward
mode of the coupled system, i.e.,

Zhot
c = Vamp

Iamp
. (4.3)

A comparison between the hot and cold characteristic impedance Zhot
c and Zcold

c
is shown in Figure 4.3. Again, the delay line is assumed to be lossless. Figure 4.3
shows that for non-synchronous operation both impedances are essentially the
same. Inside the cold passband they are purely real (no losses), and outside purely
imaginary (evanescent mode). However, for frequencies inside the amplification
bandwidth the hot characteristic impedance is obviously different. The real part is
slightly modified and an imaginary part appears due to the beam. The imaginary
part is one order of magnitude smaller than the real part. This fact and the small
change of the real part illustrate the relatively weak coupling of circuit and beam
modes despite the nose-cone loaded delay line. A similar analysis of a CC-TWT
as in [40] shows a stronger change of the hot characteristic impedance due to the
stronger beam-wave coupling for this delay line topology.

4.2 Influence of Matching for Hot Operation
Optimization of couplers and severs is in practice commonly performed based on
the characteristics of the cold delay line. As is well known, an ideal match for cold
operation does not result in optimum operating conditions of the active device,
i.e., with an electron beam. Therefore, it is worthwhile to study the impact of
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4 Matching for Cold and Hot Operation

matching for cold and hot operation using the abstract models for couplers and
severs presented in Section 3.3.2. Figure 4.3 suggests that the amplified forward
mode experiences a mismatch, if the tube is terminated by the cold characteristic
impedance. Depending on the gain and the magnitude of the reflection this can
lead to instabilities and a gain ripple over frequency. These effects are studied in
the following.

4.2.1 Stability
Three main causes can be identified for instabilities in vacuum tubes: backward-
wave, drive-induced, and regenerative oscillations [41]. The first type, as mentioned
above, depends mainly on the operating point of the tube and can be observed
without any input signal. For helices this type of oscillation occurs mostly for large
beam radii and can be tuned by changing the accelerating voltage V0 of the tube [11].
The second oscillation type is a large-signal phenomenon. A tube that is zero-drive
stable, or even stable under small-signal conditions, may start to oscillate when
the input power is increased. Figuratively, the electrons become slower and thus
the electron beam line may intersect the dispersion curve close to a band edge at
φ = π or φ = 2π. Because the coupling can be high at these frequencies and power
cannot propagate, the tube may start to oscillate [41]. Instabilities of the third
type occur due to mismatches along the TWT delay line with an amplifying path
in between, essentially leading to a loop gain larger than unity. In the following the
focus is on oscillations of this type.

These oscillations can be described by means of control theory as an unstable
control loop with a loop gain (expressed in dB)

gloop = Γ1 + Γ2 +G+B > 0, (4.4)

where Γi, i = 1, 2, are reflection coefficients at delay line discontinuities, and G and
B are amplification coefficients (including loss) in forward and backward direction,
respectively.

In a linear beam device such as a TWT, the feedback path is created by dis-
continuities along the line, e.g., by couplers and severs. The distributed nature of
the TWT results in the formation of resonant frequencies at which the oscillations
occur. For an inhomogeneous delay line this is more involved, because the dispersion
changes along the line.

A TWT with homogeneous delay line is therefore studied in this section to
demonstrate the impact of matching for hot operation only, i.e., without any
additional effects. The EC and beam parameters from Section 4.1 are used here
to illustrate the impact of input and output matching on stability. A generic,
lossless TWT with one section and Nc = 25 cells is simulated using the small-signal
version of KlysTOP with couplers exhibiting a specified reflection. A sketch of
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Figure 4.4: Sketch of a single-section folded-waveguide traveling-wave tube with
signal paths indicated.

the interaction space of the considered tube is shown in Figure 4.4. A signal flow
chart is included in the figure for convenience. The backward mode experiences a
mismatch Γ1 at the input coupler and the amplified forward mode is reflected at the
output coupler assuming a reflection of Γ2. For simplicity Γ1 = Γ2 = Γ, Γ ∈ [0, 1],
is assumed in the following.

The calculated small-signal gain Gss of the tube is depicted in Figure 4.5(a) for
several values of Γ. An ideal match for hot operation, i.e., Γ = 0, yields a smooth
gain curve. Increasing the local reflection at the couplers leads to the formation
of local maxima and minima, i.e., a gain ripple. Its period ∆f is determined by
the length and dispersion of the delay line, while its amplitude ∆G depends on
the magnitude of Γ. The respective input reflections for the different matching
conditions are shown in Figure 4.5(b). It can be clearly observed that the amplifier
gain as well as the hot input reflection grow indefinitely for Γ = 0.4 (≈ −8 dB) at
discrete frequencies. The maximum stable gain can be calculated from Equation (4.4)
for a given reflection Γ. Taking into account the loss of the delay line relaxes the
stability limit, because loss effectively decreases the loop gain.

Further conclusions can be drawn from Figure 4.5(b). A perfect match for the
amplified forward mode results in non-zero hot input reflections. The other two
forward modes that are inevitably excited at the input coupler of the TWT [11]
experience a mismatch, while the amplified mode does not. The main contribution
to the input reflection stems from the fast forward mode, because the other slow
mode is exponentially damped and therefore has a negligible amplitude at the
end of the tube. On the other hand, a small reflection for the operating mode,
e.g., Γ = 0.1, already leads to a significantly larger input reflection, because this
mode is amplified. The mismatch at the end is thus magnified by the amplification.
Matching the amplified forward mode is consequently the optimum load condition
in terms of stability.

Furthermore, it is obvious that a perfect match for hot operation can only be
obtained if the TWT is mismatched in the cold case with a specific load condition.
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(a) Small-signal gain.
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(c) Cold input match.

Figure 4.5: Comparison of input match and gain for different levels of input and
output coupler reflection Γ.

This can be observed in Figure 4.5(c) which shows the cold input reflection for
the different cases. The reflection at the end of the tube has to exhibit the proper
amplitude and phase for minimum hot input reflection. Additionally, the ideal load
condition depends on the electron beam, i.e., accelerating voltage V0 and beam
current I0, as well as on the operating frequency f of the tube.

4.2.2 Large-Signal Behavior
The derivation of the coupled characteristic impedance is performed using a small-
signal approach. The derived matching condition for hot operation is now applied
to the single-section TWT of the previous section at an operating frequency f =
40.5GHz for maximum gain and the input power is changed to analyze how the
reflection is altered. The large-signal version of KlysTOP is used for this analysis.
As before, the input coupler and output coupler are assumed to be perfectly matched
to the backward and amplified forward mode, respectively.
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Figure 4.6: Results at f = 40.5GHz for different input power levels Pin.

Figure 4.6 summarizes the obtained results. Figure 4.6(a) shows the gain over
input power at 40.5GHz. Relatively large input powers are necessary to drive the
tube into the nonlinear regime, since the tube has only 25 cells. For input powers up
to 30 dBm the amplifier is linear. For higher powers the gain drops drastically. The
respective hot input reflection is depicted in Figure 4.6(b). For small input powers
the match is very good with reflections smaller than −30 dB. In the nonlinear
regime the input reflection rises up to −12 dB. The electrons are then strongly
modulated and have lost a non-negligible portion of their kinetic energy. This shifts
the synchronism to higher frequencies and thus changes the propagation and ideal
matching condition for hot operation at the operating frequency. In a real tube
this knowledge could be used to optimize the load of the amplifier for a specific
output power.

4.3 Sever Topology for Hot Operation
In the previous section the reflection at couplers and severs could be arbitrarily
changed by assuming ideal transformers and loads. This is especially useful to test
a delay line concept without directly modeling the additional components. However,
for a real tube physical concepts must be developed. Knowledge of the coupled
characteristic impedance can be helpful to design a sever exhibiting the proper
amount of reflection in the cold case in order to improve its performance under hot
operating conditions.

When considering a physical realization of couplers and severs, the matter is
even more involved than in the EC model, especially under large-signal conditions.
In case of output couplers, for example, the interaction is strongly nonlinear
and a prediction of the impedance of the coupled system becomes very difficult.
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Figure 4.7: Sever topology for serpentine-waveguide delay lines from [42].

Additionally, the load of the TWT plays a major role then, because the possible
feedback directly influences the interaction inside the tube. To simplify the analysis,
an input section of a TWT with a serpentine delay line is considered here, where
interaction is essentially linear. The input coupler can be expected to exhibit the
same reflection coefficient as for cold operation, even with electron beam. The
space-charge waves are not yet present at the input coupler and therefore do not
contribute to a mismatch. Additionally, the broadband characteristic of the SW
delay line facilitates the design. The sever of the input section is the component to
be optimized in the following. The optimization is performed at a single, arbitrarily
chosen frequency inside the delay line passband. This limitation is accepted in order
to prove the concept of matching for hot operation with a physical sever topology.
It is well understood that a broadband optimization is desirable in practice. With
the above mentioned constraints, the optimization of a sever at the end of an input
section becomes feasible.

A design strategy for severs in FW-TWTs with a conventional serpentine delay
line has been developed in [42, 43]. A 3D structure is proposed that is easy to
integrate into a TWT topology and design strategies for cold and hot operation are
evaluated. A perspective view of such a sever integrated into the input section of an
FW-TWT is depicted in Figure 4.7. Vacuum is shown in blue and lossy dielectric
material in orange. The background material is PEC. After the last gap of the SW
delay line a smooth E-plane bend guides the signal into the damping element of the
sever. A small iris mainly determines the imaginary part of the sever load, while the
real part stems from the tapered lossy dielectric. Since the sever input impedance is
very sensitive to the opening of the iris, the height of the waveguide and that of the
dielectric material at the end of the sever serve as tuning parameters. Optimization
leads in general to a wedge-shaped waveguide at the end of the sever.

Information about the cold delay line extracted from full-wave simulation can
be used to obtain an ideal cold match at a single operating frequency [42]. This
is, however, not optimum for hot operation as has been pointed out earlier in this
chapter. Knowledge about the coupled characteristic impedance is only available
from the small-signal computation and cannot be used directly to determine the
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Figure 4.8: Cold and hot input reflection for different sever designs [43].

necessary load reflection. The reference impedance changes from the FW delay
line to the RW of the sever. In the EC, however, only impedance information
is available. Nevertheless, the ideal load condition for hot operation can be an
indication in what direction the sever input impedance, or reflection coefficient, has
to be changed to reduce the mismatch at the input of the FW line. For this reason
a full-wave optimization is necessary to obtain minimum input reflection. Since
a 3D sever structure is sought, a 3D simulation tool is necessary to perform this
optimization, e.g., CST Particle Studio which is commercially available and has a
full-wave particle-in-cell (PIC) solver.

A comparison of input reflections Γin for sever designs optimized for cold and hot
operation is shown in Figure 4.8. The design goal is a minimum input reflection
at the arbitrarily chosen operating frequency of 41GHz. The results of the sever
optimized for cold operation are depicted in Figure 4.8(a) and include the cold
and hot input reflection. As designed, the cold input reflection is minimum at
41GHz. During hot operation with only a small input power (−20 dBm), however,
the match at this frequency deteriorates and the position of the minimum is shifted
to 42.5GHz. An input reflection lower than −10 dB is obtained between 40.5 and
43.5GHz.

After redesigning the sever using the hot characteristic impedance as indication,
the results in Figure 4.8(b) are obtained. The cold input reflection is still relatively
low, but obviously different compared to the previous design. However, for hot
operation the minimum input reflection appears at the specified design frequency.
Additionally, the input reflection is relatively low (< −10 dB) between 40 and
43.5GHz.
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It can be seen that the results of the optimization exhibit good properties at the
specified design frequency. The bandwidth of this solution is difficult to control,
however, because it depends on the dispersion of both the delay line and the
electron beam. However, regarding the constraints given at the beginning of this
section, a proof of concept was presented to match under hot operating conditions
by exploiting small-signal beam-wave interaction results for a physical sever design.
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5 General Interaction Simulation
In this chapter the general approach of KlysTOP to solve the nonlinear interaction
problem is outlined. A Broyden iteration algorithm is implemented and initialization
schemes are tested to accelerate the convergence.

5.1 Nonlinear Multidimensional Root Problem
KlysTOP calculates the interaction between EM wave and electron beam for
sinusoidal excitation and is thus a frequency-domain tool. For this purpose the
interaction problem is subdivided into two parts: the RF fields on the delay line and
the electrons inside the drift tube. The fields on the delay line are projected onto a
set of ECs that render their dispersive characteristics. The electron beam is modeled
in one of two ways. For small input powers it can modeled by a set of differential
equations, similar to the ones discussed in Section 2.2.2. For large input powers,
however, a PIC approach is incorporated by injecting particles into a discretized
computational domain and solving the equation of motion subject to external and
space-charge fields at each time step. The first description is one-dimensional, while
the latter is a 2.5D approach, since the grid is two-dimensional and cylindrical
symmetry is implicitly assumed.

The RF fields and the electron beam influence each other, i.e., they form a coupled
system. The RF wave creates axial electric fields that modulate the electron velocity
and space-charge density. The electrons, on the other hand, induce RF currents on
the delay line that excite forward and backward traveling waves. Both procedures
happen at the same time and for stationary TWT operation they are balanced.

In the chosen approach this coupled nonlinear problem is solved iteratively. One
part of the problem is calculated assuming the other one to be fixed. Afterwards,
the other part is updated under the assumption that the first one is constant. This
process is repeated until consistency is reached, i.e., the results do not change from
one iteration to the next. Mathematically this process can be written as

xk+1 = h(xk), (5.1)
where xk is a state of the coupled system at iteration k and h(x) is some nonlinear
function. The convergence of Equation (5.1) depends strongly on the properties of
h(x). In KlysTOP the state x corresponds to a set of voltages and is thus a vector.
Therefore, h(x) is a nonlinear and vector-valued function.
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5.2 Formulation of KlysTOP Algorithm
The general approach of KlysTOP is outlined in the following. The interaction
simulation domain for the whole TWT can be separated into the individual sections.
The sections are only coupled via the modulated electron beam. If the beam at
the end of one section is known, it can be used as input for the next section. The
voltages V at the gaps in one section are related to the induced currents I via

V = [Zg] · I + Vrf , (5.2)

where [Zg] is the gap impedance matrix and Vrf the voltage distribution without
induced currents that stems from the RF input signal. It is therefore zero for all
sections except the first one.

In a similar fashion, the induced currents I can be formulated as a function of the
gap voltages V. However, this relation is in general nonlinear and can be written as

I = [Yb(V)] ·V + Imod, (5.3)

where [Yb(V)] is the nonlinear beam admittance matrix and Imod the current
distribution without gap voltages, i.e., due to prior beam modulation. It is therefore
zero for the first and non-zero for all subsequent sections.

Inserting Equation (5.3) into Equation (5.2) leads to the relationship

V = [Zg] · [Yb(V)] ·V + [Zg] · Imod + Vrf , (5.4)

which cannot be solved explicitly for V, because [Yb] depends on V. Equation (5.4)
can be formulated as a fixed-point iteration

Vk+1 = [Zg][Yb(Vk)] ·Vk + [Zg] · Imod + Vrf , (5.5)

where k is the iteration index. The convergence of Equation (5.5) depends on the
eigenvalues of [Zg] · [Yb(Vk)]. Even for a linear problem, i.e., [Yb] being constant,
Equation (5.5) does not converge in general, since the eigenvalues vary strongly
with frequency due to the impedance matrix [Zg].

Convergence is reached when the voltage distribution from one iteration to the
next does not change, or when the function f fulfills

f(V∗) = V∗ − [Zg] · I(V∗)−Vrf = 0, (5.6)

where V∗ denotes the physically consistent solution for the voltage distribution.
Therefore, the fixed-point iteration can be translated into a nonlinear multidimen-
sional root problem.

In KlysTOP, the convergence of I is handled by a dedicated algorithm. The
induced currents Ik are only used to update the voltages, if they are consistent with
the present voltage distribution Vk. This aspect will be addressed in more detail
after the discussion of the voltage convergence which follows next.
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5.3 Newton-Raphson Method
A common way to solve a multidimensional root problem as given in Equation (5.6)
is to use gradient methods such as the Newton-Raphson method [44]. For the given
problem the iteration can be written as

Vk+1 = Vk − [Jf (Vk)]−1 · f(Vk), (5.7)
where [Jf (Vk)] is the Jacobian of the function f defined in Equation (5.6) for the
voltage distribution Vk. This method converges locally with quadratic order and
only if the initial state V0 is sufficiently close to the convergence point V∗ [44].

The implemented algorithm of the Newton-Raphson method, or Newton’s method,
in KlysTOP at iteration k is as follows:
(1) Evaluate f at Vk.

(2) Calculate the Jacobian [Jf (Vk)].

(3) Solve the linear system [Jf (Vk)] · sk = −f(Vk) for sk.

(4) Update the voltages according to Vk+1 = Vk + sk.
In step (2) the Jacobian of f is calculated, i.e., the linear variation of f with

respect to the voltage distribution at Vk. Therefore, the function f has to be
evaluated Nc times, with Nc the number of cells in the section under consideration.
As each of these evaluations involves PIC calculations under a specific circuit field,
this estimation is computationally expensive. Additionally, the Jacobian changes
after each iteration step, depending on the degree of nonlinearity of the problem at
hand.

It is therefore desirable to avoid the calculation of the Jacobian in step (2) in
order to reduce the overall simulation time. Furthermore, convergence should be
achieved within the least possible amount of iteration steps, because the most
time-consuming operation is the PIC simulation needed to estimate the induced
currents.

Especially for tubes with a high number of cells in each section it is advantageous
to avoid the second step of the Newton iteration. FW-TWTs usually have a large
number of cells per section, because their gain per cell is relatively low.

5.4 Broyden’s (Good) Method
A modification of Newton’s method is Broyden’s good1 method (BGM) [44–46]. It
updates the Jacobian, or rather an estimate thereof, in the direction of the last

1BGM is the name originally given by Broyden. Broyden’s bad method (BBM) is not necessarily
worse, it just happened to be that way for the problems Broyden analyzed using his update
schemes.
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iteration step (rank-one update). It is the multidimensional equivalent of the secant
method. The iteration can be formulated as

Vk+1 = Vk − [Bk]−1 · f(Vk), (5.8)
where [Bk] is the Broyden system matrix. Broyden’s method is of superlinear
convergence and also requires the initial state V0 to be sufficiently close to V∗ [44].
Even for a converged iteration there is no guarantee that [Bk] converges to the
Jacobian at V∗ [44, p. 186].

Broyden’s good update scheme [44] applied to Equation (5.6) reads

[Bk+1] = [Bk] + (yk − [Bk] · sk) · (sk)H

‖sk‖2 , (5.9)

where yk = f(Vk) − f(Vk−1), sk = Vk −Vk−1, and ( · )H denotes the conjugate
transpose. The advantage of Broyden’s method is self-evident. It updates the
iteration system matrix using the previous step. No additional function evaluation
is necessary and thus the simulation time is not increased by the voltage update.
However, it must be checked whether the number of iterations needed to reach V∗
is actually smaller than that of the Newton-Raphson method, which includes the
calculation of [Jf ]. It is possible that more iterations are necessary in total using
Equation (5.8), because the update relies on an approximation of the Jacobian
matrix.

5.5 Initialization Procedures
The convergence of iterative procedures such as Broyden’s method can be improved
by starting at a location V0 closer to V∗. Furthermore, a good initial guess [B0]
helps to keep the required number of iteration steps low. The question is, of
course, from where this kind of information can be obtained. Three possibilities
are presented here and their impact on the convergence will be discussed in the
following section.

5.5.1 Unity Initialization
Without further knowledge V0 and [B0] can be initialized in the following way. The
voltage distribution V0 is given by the voltages due to the RF input power for the
first and by zero for all other sections of the TWT. Broyden’s matrix [B0] can be
initialized with the respective identity matrix [INc] which is equivalent to starting
with a fixed-point iteration. This initialization scheme can be written as

[B0] = [INc] and (5.10)
V0 = Vrf . (5.11)
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5.5.2 Initialization from Small-Signal Model
Computing the interaction using a small-signal model is orders of magnitude faster
than the solution of the nonlinear problem. Therefore, it could be efficient to
initialize V0 in the large-signal computation by using the small-signal results for
the gap voltages. Additionally, [B0] can be estimated from the small-signal beam
admittance matrix [Yb] according to

[B0] = [INc]− [Zg] · [Yb]. (5.12)

The small-signal model does not take into account all effects that occur in the
large-signal case. Therefore an error is introduced when using this initialization,
especially when the input power Pin is large. Nevertheless, for low input powers
this error is supposed to be smaller than the error introduced by an initialization
using Equations (5.10) and (5.11).

5.5.3 Initialization from Large-Signal Computation
Another possibility is to initialize from a previous large-signal computation at
another input power. In a similar fashion as for the small-signal initialization, the
converged results V∗ and the last Broyden matrix [B∗] are used for initialization,
i.e.,

[B0] = [B∗] and (5.13)

V0 =
(
Pin,new

Pin,old

)1
2
·V∗, (5.14)

where Pin,new and Pin,old are the present and the previous input power, respectively.
This initialization is convenient, since the saturated output power Pout,sat is often
of interest and is commonly obtained by a loop over several input powers.

5.6 Convergence Analysis
KlysTOP was originally developed for Klystrons and CC-TWTs. It is therefore
reasonable to validate BGM and the different initialization schemes on a CC-TWT
test case. The only fundamental differences to FW-TWTs are the underlying EC
to describe the propagation of the circuit fields and the number of unit cells per
section typical for the respective topology. As a consequence, interaction simulation
of CC-TWTs is not as time consuming, because the interaction space is electrically
shorter compared to FW-TWTs. This allows to conduct a more detailed analysis
in a reasonably short time.
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Table 5.1: Simulation parameters.
V0 I0 rb rt B0 Nc

20.3 kV 3.6A 1.2mm 1.68mm 250mT {8, 12, 15}

The convergence problems do not arise from the nonlinearity of the interaction
simulation. Even a small-signal computation using an iterative approach may
diverge. The nonlinear nature of the large-signal model certainly complicates the
problem, since it adds a tremendous amount of simulation time and complexity. It
is therefore convenient to start the analysis by studying the convergence behavior
of BGM on the small-signal model. This is done in the next section and thereafter
the large-signal convergence is studied.

In both cases a typical CC-TWT is considered. The simulation parameters are
reported in Table 5.1. The TWT consists of three sections with 8, 12, and 15
cavities, respectively. An electron beam of I0 = 3.6A accelerated by V0 = 20.3 kV
is used for the computations. The electron beam and the tunnel have radii of
rb = 1.2mm and rt = 1.68mm, respectively. A constant magnetic focusing field of
B0 = 250mT is assumed. The cold delay line exhibits a passband from 0.83f0 to
f0 where f0 is the upper cutoff frequency. The EC for the CC delay line is briefly
described in [36]. Its parameters and their identification are not further specified
here for conciseness. The convergence of the iterative approach employing BGM
is of interest in this chapter. The actual EC and electron beam parameters are
interchangeable for this analysis.

A criterion is necessary to assess the convergence of the iterative approach. The
latter can be assumed, if either f(Vk) = 0 or the step width sk = −[Bk]−1 · f(Vk)
becomes very small. The residual ε is defined as the minimum of

εf = ‖f(Vk)‖2
2

‖Vk‖2
2
, (5.15)

and
εs = ‖sk‖2

2
‖Vk‖2

2
, (5.16)

where the norm ‖ · ‖2 of a vector x with length N is defined by

‖x‖2
2 =

N∑
n=1
|xn|2, (5.17)

Here, the convergence criterion is defined as

ε = min(εf , εs) < 10−5. (5.18)

64



5 General Interaction Simulation

0.75 0.80 0.85 0.90 0.95 1.00

f/f0

30

20

10

0

10

20

30

40

50

60

G
 i

n
 (

d
B

)

(a) Small-signal gain over frequency.
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(c) Worst-case convergence profile.

Figure 5.1: Iteration results of the small-signal interaction model.

5.6.1 Small-Signal Convergence
In the small-signal version of KlysTOP the beam admittance matrix [Yb] is calculated
by successively setting 1V in each gap and calculating the resulting induced currents.
Therefore, it takes Nc calculations (see Table 5.1) to determine the linear system
that describes the interaction inside the considered section. This system of linear
equations is then solved, since the problem is linear due to the underlying small-
signal approximations. However, Equation (5.8) is applied here in order to test the
algorithm.

Figure 5.1 reports the results of the iteration. Figure 5.1(a) shows the calculated
small-signal gain over frequency. The tube exhibits a maximum gain of about
55 dB which is a typical value for such devices. The gain ripple implies a non-ideal
matching at couplers and severs [47]. Calculations performed by directly solving
the system of linear equations lead to exactly the same results.

Figure 5.1(b) depicts the number of iterations needed for convergence for each of
the three sections over operating frequency. As can be seen, for most frequencies the
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(a) Gain over frequency.
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(c) Worst-case convergence profile.

Figure 5.2: Iteration results of the large-signal interaction model with Pin =
−20 dBm using unity initialization.

iterative approach needs less iterations than the number of cells Nc, except for strong
interaction, e.g., at f/f0 = 0.85. At these frequencies the overall amplification is
large. This suggests that the number of iterations is linked to the gain of the device
or to the degree of synchronism. Additionally, the iteration peaks correlate to some
degree to the gain ripple in Figure 5.1(a). This observation further suggests a
relationship between the gain inside a section and the number of iterations required
for convergence.

Plotting the worst-case convergence profile at f/f0 = 0.853 results in Figure 5.1(c).
The Broyden matrix is initialized with the identity matrix of rank Nc. Therefore,
Broyden’s method needs a few training steps where the residual increases or stays
approximately constant. During these steps the Broyden matrix is updated with
information about the problem. The number of necessary training steps depends
on Nc. Once the Broyden matrix [Bk] is sufficiently close to the Jacobian, the
algorithm starts to converge at nearly the same rate for all sections.
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This observation may have strong implications for the large-signal model. An
increase of the residual implies that steps are taken in the wrong direction. If this
continues for too long, the particles in the PIC simulation may become influenced
by unrealistic fields, leading at worst to a diverging computation. In the small-
signal model this is not a problem. No matter how large the voltage amplitudes
are numerically, the underlying small-signal assumptions always lead to the same
results, independently of the voltage path taken during convergence.

5.6.2 Large-Signal Convergence
The convergence of the large-signal model largely depends on the applied initializa-
tion scheme. For this reason, the impact of the three schemes mentioned above is
analyzed in the following sections.

Convergence Using Unity Initialization

The results of the large-signal computation for an input power of Pin = −20 dBm
are shown in Figure 5.2. This input power is considered to drive the tube under
linear conditions. However, the gain in Figure 5.2(a) differs from the results of the
small-signal model. As the latter does not include radial variation of the electron
beam, this is not surprising.

Figure 5.2(b) leads to same conclusions as for the small-signal model. The
number of iterations is linked to the device gain and convergence is obtained at
all frequencies. The number of iterations is smaller than Nc at most frequencies,
with a pronounced maximum around f = 0.85f0. There the convergence is slower
in all three sections which is linked to the large amplification. The location of the
maximum number of iterations is shifted slightly to lower frequencies compared to
the small-signal analysis.

Looking more closely at the worst-case convergence profile at f/f0 = 0.843 reveals
the same principle convergence behavior compared to the small-signal computation.
First, the algorithm is trained by the iteration steps followed by a fast decrease of
the residual. The necessary number of training steps depends on the number of cells
Nc in each section. Afterwards, the convergence rate is approximately the same
for all sections. Since the tube is driven under linear conditions, the Jacobian does
not change after each step. Once it is sufficiently well approximated, the iteration
converges quite fast. For this reason, the iteration process is also investigated for a
larger input power of Pin = 25 dBm.

Considering the results obtained for the larger input power in Figure 5.3(a), it
can be seen that the tube is indeed driven into the nonlinear regime. The gain
compresses by approximately 10 dB. Additionally, the gain profile is not as strongly
tilted in frequency compared to Figure 5.2(a). As the electron beam transfers some
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(c) Worst-case convergence profile.

Figure 5.3: Iteration results of the large-signal interaction model with Pin = 25 dBm
using unity initialization.

of its energy to the circuit wave, it becomes synchronous at other frequencies, thus
smoothing some of the dispersive effects.

Figure 5.3(b) reveals some interesting facts about the interaction simulation. The
number of iterations in the first section is approximately the same as for the lower
input power. The interaction in this section is essentially linear and thus convergence
depends only on the number of cells. In the second section the difference is small as
well. For the third one the algorithm converges very slowly with pronounced peaks
of up to 25 iterations. The frequency region of slow convergence is also shifted
to lower frequencies. The electrons in the third section become slower and are
therefore synchronous at other frequencies, thus shifting the region of maximum
gain.

Considering the convergence profile at the frequency of slowest convergence
(f/f0 = 0.843) the previous conclusions are confirmed. While the convergence
profile looks very similar in the first two sections for both input powers, the
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convergence for the third section is significantly slower for the higher input power.
This behavior is caused by the nonlinear part, i.e., the PIC computation. At each
new voltage distribution Vk+1 = Vk + sk the Jacobian changes. The update of the
Broyden system matrix [Bk], however, only takes into account the change along
the direction of the step sk. The derivative in the directions orthogonal to the
step are unchanged (rank-one update) [46]. The more nonlinear the computation
becomes, the stronger the actual Jacobian differs at each new voltage distribution.
Figuratively, this behavior corresponds to a hiker seeking a valley who has no sense
of direction and needs to sample the vicinity of the valley in order to actually find
it.

Additionally, the results summarized in Figure 5.3 confirm that mismatches at
the end of the delay line influence the convergence of the algorithm. Some of the
iteration peaks in Figure 5.3(b) are correlated with peaks in the gain spectrum in
Figure 5.3(a). A similar conclusion was drawn from the small-signal analysis. If the
tube were perfectly matched, the electron beam together with the EM fields could
be integrated from the beginning to the end of each section without introducing an
error. In KlysTOP the electron beam is integrated by the PIC algorithm in such a
way, i.e., from front to back. The EC, however, feeds energy back from the end of
the section to the beginning and thus influences the electron beam in the whole
section. It is easy to realize that this feedback further complicates the convergence
of the interaction iteration.

Convergence with Initialization Schemes

A sweep over several values of input power Pin is in general necessary to obtain the
saturated output power Pout,sat. Therefore, several large-signal computations at the
same operating frequency are required. For this kind of computation the large-signal
initialization proposed by Equations (5.13) and (5.14) is well suited. The Jacobian
and the gap voltages are stored after convergence and used to initialize the next
computation with a higher input power. To search the saturation point, typically a
low input power is used at first. This input power is considered to drive the tube
under linear operating conditions. The small-signal initialization of Equation (5.12)
is useful for this purpose.

In the previous section the iteration process was started without an estimate
of either the gap voltages or the Broyden matrix. Therefore, convergence was not
particularly fast. For the tube considered here, a small-signal simulation takes
approximately 0.45 s on a personal computer2. This is shorter than one space-charge
iteration in the large-signal code which makes the small-signal initialization a very
useful tool.

2Intel Core i7 3770 @ 3.4GHz and 8GB of RAM
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(c) Unity and large-signal initialization.
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(d) Small- and large-signal initialization.

Figure 5.4: Iteration results over input power at f/f0 = 0.89 for the different
initialization schemes.

The Pout-Pin characteristic, or drive curve, of the considered CC-TWT at an
arbitrarily chosen frequency of f/f0 = 0.89 is calculated to analyze the impact of
the different initializations. The resulting drive curve is depicted in Figure 5.4(a).
Thirteen input power levels are used to obtain this curve. The output power
saturates around Pin = 30 dBm, revealing the nonlinear nature of the amplifier. It
reaches a maximum value of Pout,sat ≈ 71 dBm.

Figures 5.4(b) to 5.4(d) depict the necessary number of iterations over input
power for the different initialization schemes. All the schemes result in the same
drive curve as the one depicted in Figure 5.4(a). The unity initialization yields the
convergence behavior depicted in Figure 5.4(b). For low input powers the number
of iterations is constant for all sections as observed earlier. An increase of input
power leads to a more nonlinear interaction which starts to manifest in the last
section. Closer to saturation the interaction in the second section also becomes
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Table 5.2: Total number of voltage iterations.
Section

Scheme 1st 2nd 3rd Σ
Unity 65 108 139 312

Unity/LS 27 38 82 147
SS/LS 25 27 58 110

stronger and one more voltage iteration is necessary. In the last section the number
of iterations rises considerably at the saturated output power, but falls again for
even larger input powers.

Figure 5.4(c) shows the impact of using a large-signal initialization. Results
for the lowest input power are obtained by unity initialization. The iterations at
the other operating points are initialized using the respective previous results for
[B∗] and V∗ according to Equations (5.13) and (5.14). This combined scheme is
denoted as “Unity/LS” in the following. This approach drastically reduces the
number of necessary voltage iterations. Near saturation, the required number of
iterations increases similarly to Figure 5.4(b). The benefit of this initialization
is diminished, because the problem becomes more and more nonlinear. A cure
could be to decrease the input power step width, thereby improving the estimate.
However, the saturated input power is unknown a priori. Therefore, it is not possible
to know an appropriate step width beforehand. Additionally, the step width also
influences the number of simulations necessary to obtain the saturation point. This
means that a trade-off is necessary between the input power discretization and the
rate of convergence for each individual simulation run.

Figure 5.4(d) illustrates the impact of initializing from small-signal results for
the lowest input power and from large-signal results for all subsequent operating
conditions. This scheme is identified by “SS/LS” in the following. The outcome of
using this scheme is very similar to the previous case, but the convergence is a lot
faster for the lowest input power. Also, the transition to the nonlinear regime is
smoother. This can be explained in the following way. For the “Unity/LS” scheme,
the Broyden matrix is initialized at the lowest input power using the identity matrix
and the number of steps required to obtain convergence might not be sufficient to
have a good estimate of the Jacobian. Nevertheless, the Broyden matrix is accurate
enough to achieve convergence. However, if this rough estimate is then used for the
next operating point, the introduced error has to be compensated by additional
Newton steps. On the other hand, a complete estimate of the derivative is obtained
using the small-signal initialization for the lowest input power. It is therefore not
as critical in this case, if only a few Newton steps are needed for convergence.
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Figure 5.5: Convergence profiles at f/f0 = 0.89 and Pin = 30 dBm resulting from
different initialization schemes.

To support the above observation, the convergence profiles resulting from the
“Unity/LS” and “SS/LS” scheme at f/f0 = 0.89 and Pin = 30 dBm are depicted in
Figures 5.5(a) and 5.5(b), respectively. A substantial difference can be observed
between the profiles obtained by the respective initialization schemes. While
convergence is reached in the first two sections after only two iterations for both
schemes, the small-signal initialization is beneficial for the convergence in the last
section, even though the operating point is far away from the initial computation.

The total number of voltage iterations for the different initialization schemes
required to obtain the 13 data points of the amplifier characteristic in Figure 5.4(a)
is summarized in Table 5.2. The benefit of using the large-signal initialization is
evident. This initialization scheme comes at practically no additional computational
cost and is thus very efficient. A factor of two can be saved in terms of iteration
steps which is directly proportional to the overall simulation time. The merit of
the small-signal initialization is obvious as well. A lot of time can be saved by
prepending a small-signal calculation which is two to three orders of magnitude
faster than the large-signal code.

5.7 Space-Charge Iterations
The presented convergence analysis considers only the update of the gap voltages.
The convergence has not been analyzed when using more particles for the PIC
simulation of the beam, or when refining the finite element mesh or the number of
time steps per RF period. All these parameters affect the computing time in several
ways. This study has intentionally been omitted here, since it is outside the scope
of this thesis. However, some studies have been conducted and it was observed that
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Figure 5.6: Flow chart of KlysTOP algorithm.

the simulation and discretization parameters must be chosen carefully to guarantee
reliable results. The results obtained in the previous sections are not affected, if
the simulation parameters are further refined.

However, one additional consideration is addressed in this section, because it has
critical influence on the convergence for structures which are electrically longer than
CC-TWTs, such as FW-TWTs. As has been already indicated, the current program
sequence in KlysTOP involves a two-fold loop. The outer one is the update of the
gap voltages addressed in the presented convergence analysis. Inside this loop, a
PIC simulation runs several times until the electron trajectories, or space-charge
fields, have converged. The convergence is checked by monitoring the induced
currents at each gap. The algorithm of KlysTOP for each section of a TWT is
summarized in Figure 5.6 as a flow chart.

There is a peculiarity about the algorithm implemented into KlysTOP. Most
PIC solvers emit electrons into the computational domain until the space-charge
fields have stabilized. This can take a long time, since the computational time
increases with the number of particles. The PIC solver in KlysTOP exploits the
fact that a steady-state solution under harmonic excitation is sought. Electrons are
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thus only emitted through one RF period into the interaction area. This electron
package travels to the end of the section while it is exposed to the EM fields. The
electric field along the circuit is fixed during this space-charge loop, because the
gap voltages are assumed to be constant. After the first space-charge iteration the
electrons are additionally influenced by the space-charge fields arising from the
trajectories of the previous iteration. This process is repeated until the trajectories
do not change from one iteration to the next. Then the gap voltages and the circuit
fields are updated. These two nested loops are repeated until total convergence is
achieved.

The gap voltage loop and the space-charge loop are independent from each other
in a sense that both can be dealt with in an individual way. The voltage update
can be implemented using Broyden’s method without changing the update of the
space-charge fields in any way. This is why the space-charge convergence could be
excluded from consideration for the convergence analysis of the gap voltages.

At some operating conditions overall convergence may not be reached due to the
space-charge iterations. This is a numerical issue that has not been solved by the
time this thesis was written. Possible reasons might be the discretization of space,
time, and charge density which cause instabilities under certain conditions.
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Simulation

There are, amongst others, proprietary software packages to compute the beam-wave
interaction in CC-TWTs developed by research laboratories in the United States of
America. CHRISTINE-CC, for example, implements a one-dimensional, large-signal
steady-state method [48]. TESLA-CC, on the other hand, is a two-dimensional,
large-signal envelope code, featuring a hybrid approach between time and frequency
domain [49]. Both describe the EM wave on the delay line by means of ECs, and
have been extended to FW-TWTs by implementing appropriate circuit models for
FW delay lines [50]. However, these beam-wave interaction tools are in general not
available.

Therefore, the improvements regarding the iterative interaction simulation from
Chapter 5 are applied to FW-TWTs to have competitive simulation tools. FW-
TWTs generally have a much higher number of cells per section. The original
KlysTOP iteration scheme implements the Newton-Raphson method and thus
estimates the Jacobian at the beginning of the actual interaction computation.
This approach becomes exceedingly inefficient for FW-TWTs, because a lot of
time is spent to calculate something the user is not directly interested in. The
approach described in Section 5.4 is much more convenient in this case, because an
approximation of the Jacobian is calculated as the algorithm progresses without any
additional computational effort. Moreover, according to the findings in Section 5.6,
this approach works very well when the gain per cell is relatively low as is the case
for TWTs with FW delay lines.

The FW delay line is approximated using Antonsen’s EC model presented in
Section 3.3. Input and output couplers are modeled as ideal transformers exhibiting
zero reflection for cold operation. An optimized delay line is required to study
the large-signal performance of FW-TWTs with KlysTOP. This means that the
delay line has to be tapered to extract a large amount of energy from the electron

Table 6.1: Geometry parameters of the delay line.
awg bg bs Ls rt Ltube

3.8mm 0.55mm 0.9mm 2.0mm 0.35mm 132mm
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Figure 6.1: Pitch taper of the considered folded-waveguide traveling-wave tube.

beam. Tapering in this sense means a change of delay line characteristics in axial
direction z. Most commonly, the pitch p is changed in order to keep the EM
wave synchronous with the electron bunches as they lose kinetic energy. For the
subsequent analysis the optimized taper presented in [51] is used. It has been
obtained by an automatized optimization procedure [52]. The pitch taper p(z)
is depicted in Figure 6.1. The geometry and electronic parameters are given in
Tables 6.1 and 6.2, respectively.

6.1 Interaction Convergence
The convergence analysis in this section is not as detailed as in Section 5.6. The
benefit of using Broyden’s method for interaction simulation of FW-TWTs is briefly
elaborated. The iteration is initialized with the unity scheme (Section 5.5.1). Of
course, for loops over input power the schemes presented earlier yield the same
benefits for FW-TWTs.

Figure 6.2 summarizes the convergence for an input power of Pin = 0dBm. The
tube has two sections with 51 and 69 cells, respectively. Figure 6.2(a) reports
the gain. The tube is driven into the nonlinear regime, since the gain is nearly
constant between 42 and 43.5GHz and does not follow the gain for an input power
of Pin = −20 dBm which is also indicated in Figure 6.2(a). A ripple of the gain
due to the assumed cold match is observed in this frequency range. The ripple

Table 6.2: Electronic parameters used for interaction simulation.
V0 I0 rbeam B0

14 kV 200mA 0.22mm 2200G
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Figure 6.2: Iteration results for the large-signal interaction model with Pin = 0dBm
using unity initialization.

is smoothed out for the larger input power by nonlinear effects. For frequencies
below 41.5GHz and above 44GHz the gain is approximately the same for both
input powers.

The iterations necessary for convergence for Pin = 0dBm are displayed in
Figure 6.2(b) as a function of operating frequency f . In the first section the
interaction is essentially linear and convergence is reached after six to eight iterations
over the entire frequency band. The number of necessary iterations is much lower
than the number of unit cells in this section. In contrast, the original KlysTOP
iteration algorithm needs eight times as many iterations just to initialize the
Jacobian. The improvement achieved by implementing Broyden’s method is obvious
in this case. In the second section more iterations are needed for convergence.
However, the number of unit cells is much larger and thus the new implementation
is also efficient in this case. Looking more closely at the iteration count, strong peaks
occur throughout the frequency band, with a maximum of 28 at f = 41.93GHz.
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Figure 6.3: Convergence behavior at f = 43GHz for different input power levels.

The corresponding convergence profile is plotted in Figure 6.2(c). While the
residual in the first section decreases almost monotonically, in the second section
it increases sporadically during the convergence process. This extends the overall
simulation time significantly, because each voltage iteration entails on average 20
space-charge iterations (cf. Section 5.7). The local growth of ε is reminiscent of the
training steps already observed in Section 5.6. During convergence, the Jacobian is
estimated at several steps. However, if the interaction is strongly nonlinear, the
Jacobian is a function of the voltage distribution and thus also changes during the
convergence process.

Figure 6.3 further summarizes the convergence behavior for several levels of
input power at an operating frequency of 43GHz in the center of the amplification
bandwidth. Figure 6.3(a) shows the output power characteristic with an unusual
property above saturation. The output power is largest for Pin = −5 dBm, drops
slightly, and then stays approximately constant up to 10 dBm. Figure 6.3(b) reports
the required number of iterations for each section. Again, convergence is obtained
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in a number of steps much smaller than the number of cells inside the respective
section. As expected, more iterations are necessary in overdrive compared to
the saturation point due to the strong nonlinearity of the problem. Figure 6.3(c)
shows the convergence profile for an input power of Pin = 5dBm. Convergence
in the first section is obtained with almost monotonically decreasing residual,
while in the second section it is again slower with some increases in error during
the iteration. Therefore, the unusual behavior observed in Figure 6.3(a) has no
significant implications for the iteration convergence in this case.

6.2 Comparison of Interaction Results
The software package MVTRAD (from French: mouvement radial) is a 2.5D
steady-state beam-wave interaction tool from Thales Electron Devices [53, 54].
It predicts the interaction by applying the Poynting theorem to the beam-wave
system from the front of the tube to the back. Reflections due to mismatches
are neglected in MVTRAD, but can be considered by a recent extension of the
program [54]. However, this extension increases the computing time considerably.
MVTRAD assumes cylindrical symmetry of the beam tunnel region and uses the
coupling impedance to build the axial electric field. All other electric and magnetic
field components are extrapolated from the axis by well-known analytical relations.
Interaction prediction close to band edges is not possible using this code, because
the gain then grows indefinitely. This is due to very large values of the coupling
impedance combined with the fact that the backward propagating wave is not
taken into account. This shortcoming of MVTRAD was one of the main reasons
for Thales to develop KlysTOP.

Nevertheless, MVTRAD can be used as a reference tool for frequencies far away
from the cold cutoff frequency of the delay line. It is used here without the extension
to include reflections. Results for an input power of Pin = 0dBm from KlysTOP
and MVTRAD for the FW-TWT in Section 6.1 are displayed in Figure 6.4. The
agreement in terms of bandwidth is good. The gain predicted by MVTRAD is
smooth, because reflections are neglected and thus effects due to multiple reflections
such as a gain ripple can not occur [54]. In KlysTOP these effects are taken into
account by the EC and feedback from the back to the front of a section is included
by the iterative approach. Results from CST Particle Studio at the same input
power are also indicated in Figure 6.4 for additional reference. They have been
shifted to higher frequencies by 250MHz for better comparison with the other
results. This frequency shift can be explained by a different beam rotation in CST.
This leads to a different axial velocity of the electrons which, in turn, alters the
condition for synchronism. Apart from this frequency shift, the agreement is better
than 1 dB. Deviations up to 2 dB arise only at the upper amplification band. These
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Figure 6.4: Simulation results for Pin = 0dBm using KlysTOP, MVTRAD, and
CST Particle Studio.
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Figure 6.5: Simulation time of KlysTOP and MVTRAD over frequency.

deviations from CST results can be explained by the fact that the transients have
not totally decayed in the time-domain calculation. This deteriorates the evaluated
power levels.

The simulation time required by KlysTOP and MVTRAD to obtain the above
results is plotted over frequency in Figure 6.5. For KlysTOP it is directly correlated
to the number of voltage iterations for the last section in Figure 6.2(b). On average
17min are necessary. KlysTOP thus clearly outperforms commercial time-domain
solvers such as CST Particle Studio which require tens of hours computing time per
operating point for similarly realistic problems. MVTRAD, on the other hand, takes
approximately 75 s per operating point. The extension for MVTRAD including
reflections increases the computing time approximately by a factor of ten [54].
KlysTOP and MVTRAD are then comparable in terms of speed.
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Traveling-wave tubes are high-power vacuum electronic devices with high-efficiency
used as sources for microwave radiation. Their radio frequency response depends
largely on the delay line technology. The two dominant structures are the helical and
the coupled-cavity delay line. The former features superior bandwidth performance,
the latter achieves highest output powers. The folded-waveguide delay line is a
relatively novel structure which can be regarded as a trade-off in terms of bandwidth
and output power between the two established topologies.

In this thesis various aspects of folded-waveguide traveling-wave tubes are elabo-
rated and analyzed to gain insight into this complex device.

In Chapter 2 the main components of a traveling-wave tube are briefly described,
and a general understanding about their functionality is conveyed. Afterwards, the
interaction problem is addressed by separating it into two main systems, i.e., the
electromagnetic circuit and the electron beam. Synchronous operation is briefly
outlined to illustrate the operating mode of a traveling-wave tube. The concept of
nonlinearities is also addressed and the necessity of specialized numerical software
is stressed.

Chapter 3 outlines possibilities to characterize and model folded-waveguide
delay lines. The propagation characteristics can be calculated using an eigenmode
analysis by exploiting the periodic nature of the delay line. An extensive parametric
investigation is performed using this approach. The results can be used to shape
the electromagnetic response of a folded-waveguide delay line. Nose cones are found
to be a feasible means to improve the beam-wave coupling of this kind of delay
line. Once the structure is fixed, it is modeled by an equivalent circuit for later
implementation into a specialized beam-wave interaction tool called KlysTOP. This
circuit has to provide the correct dispersion and impedance in order to model the
delay line properly. An accurate model from literature is used and a fitting algorithm
is briefly described that determines the elements of the lumped circuit. Models
for the input and output couplers as well as for the attenuating sever elements are
additionally provided. With these constituents a complete traveling-wave tube delay
line can be modeled. The chapter continues by assessing the importance of a proper
model for the shape of the axial electric field in order to simulate the beam-wave
interaction in folded-waveguide traveling-wave tubes. A synthesis approach for a
local field shape independent of frequency is given. Fabrication of folded-waveguide
lines and their cold characterization are additionally addressed. Delay lines for
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Q-band applications featuring nose cones to shape the electromagnetic response are
fabricated and the results are evaluated using optical and microwave measurement.
The measured propagation constant agrees very well with full-wave estimates. The
results show micro-machining to be sufficiently accurate for this frequency range.

In Chapter 4 the hot propagation along the delay line is analyzed. When the
delay line is coupled to an electron beam, interaction takes place and modifies
the propagation characteristics along the structure. The coupled system can be
modeled by an effective transmission line using a small-signal approach. The
change of propagation constant and characteristic impedance is derived, and the
impact of beam-wave coupling on the matching conditions of traveling-wave tubes is
analyzed. The stability of the active device can be improved by taking the electron
beam into account during the design process of the delay line. The small-signal
characteristic impedance is then applied to a large-signal computation in KlysTOP.
The performance for small input powers is confirmed, but it is shown to deteriorate
for larger ones, because the small-signal assumptions are violated. The operating
point of the tube is virtually shifted by the strong modulation of the electron beam.
Additionally, harmonics of the fundamental operating frequency arise that are not
taken into account by the small-signal model. At the end of the chapter a physical
sever structure is briefly described that presents the proper load to a traveling-wave
tube input section for stable operation and an optimization process is sketched.

Chapter 5 describes an approach to predict large-signal beam-wave interaction for
a traveling-wave tube with sinusoidal excitation. As the nonlinear problem is split
into its linear (the delay line) and nonlinear part (the electron beam), a consistent
solution is obtained by means of an iterative process. The focus in this thesis is
on the convergence with regard to the electromagnetic fields on the delay line. A
quasi-Newton algorithm is implemented as a means to accelerate the interaction
simulation. This algorithm is tested on a tube with a coupled-cavity delay line
to verify the approach, analyze the convergence, and assess the performance of
the proposed method. For this kind of traveling-wave tube, an acceleration factor
between two and three is achieved. Additionally, alternatives to initialize the
iterative process are described and evaluated. A considerable amount of time
is saved by exploiting the underlying physics behind the beam-wave interaction
problem. Depending on the tube’s linearity and the change in operating condition,
an additional factor of two to three can be saved in terms of simulation time.

Chapter 6 at last combines the previously introduced concepts and discusses
the large-signal performance of a folded-waveguide traveling-wave tube with an
optimized delay line. As these devices have sections that are electrically very
long, the implemented iteration algorithm has a tremendous impact on simulation
speed. The interaction results are validated with those obtained by an established
specialized software called MVTRAD and a commercial particle-in-cell solver from
CST. The agreement between results is good. However, the computing times differ
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by orders of magnitude. While MVTRAD needs approximately one minute per
frequency and operating point, KlysTOP takes about twenty minutes. The CST
solver needs approximately one day of computation, but is also the most general
tool.

All parts necessary to efficiently predict the beam-wave interaction of folded-
waveguide traveling-wave tubes are subsumed in this work. This is an important
step to allow engineers to explore new concepts for traveling-wave tubes and design
the interaction space according to their desire. Efficient software is an enabling
part to push new concepts from the lab to the market in a time frame that would
otherwise not be realizable.

As an outlook for this thesis, the following topics should be investigated further.
Instead of an abstract equivalent circuit, a physical model for couplers and severs
should be developed. The flexibility to analyze the impact of local reflections caused
by these components is a good asset in a more fundamental study like in this thesis,
but constitutes more of a hindrance when a real delay line has to be designed and
optimized. Then, the actual reflection must follow implicitly from the physical
design.

Regarding the interaction simulation, several aspects could be investigated further.
One-dimensional nonlinear tools could be used to initialize the iteration process and
further improve the initial guess for both the Jacobian and the voltage distribution.
Furthermore, interaction becomes more and more nonlinear in axial direction which
may be exploited for the initialization as well. To accelerate the simulation even
more, the space-charge iteration including the particle-in-cell algorithm could be
improved. As this is the most time-consuming operation, the potential speed-up
margin is supposedly very large.

A folded-waveguide delay line featuring the proposed nose cones should be
implemented into a traveling-wave tube to assess its feasibility for space applications.
Such a device is expected to be very robust against mechanical and thermal stress
and should thus be a very good candidate for high-power applications. The
bandwidth and power capabilities also act in favor of this topology. To build such
a device, an electron gun needs to be designed, the delay line must be optimized in
terms of pitch profile, and a multi-stage collector has to be developed. This overall
design is a project in its own right due to the interdependency and complexity of
the components. Additionally, the concept of matching for hot operation under
large-signal operating conditions should be investigated further to improve the tube
performance.

All in all, vacuum technologies are far from extinct and are a challenging research
topic. In the 70 years of its development, the traveling-wave tube has succeeded
to meet the ever higher requirements of our modern communication society. This
trend can be continued by developing new concepts for vacuum devices and refining
the prediction capabilities of modern computer codes.
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