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Modern-day millimeter and microwave source technology has advanced considerably over
the past century, but to meet the defense industry’s demand for high power and large bandwidth,
vacuum electronic devices (VEDs) are still the ideal candidate to fulfill such requirements as
opposed to their solid-state semiconductor counterparts. Of the numerous VEDs available, the
traveling-wave tube (TWT) amplifier provides novel solutions in areas where size, weight, and
power (SWaP), and bandwidth are of great importance such as on satellites and in electronic
warfare applications.

The advancement in computer-aided design (CAD) and simulation has allowed for
increasingly complicated device configurations to be designed with ease. Instead, challenges
arise in fabrication as extremely tight manufacturing tolerances on the order of micron to sub-

micron levels are necessary due to the very short wavelengths in the mm-wave and sub-mm-wave



regimes. Without this level of manufacturing precision, VEDs will not operate at optimal levels
in power, bandwidth, and efficiency.

We present a serpentine waveguide (SWG) design to be used as the slow-wave structure
(SWS) in a TWT amplifier. Manufacturing techniques for the design are discussed, and a detailed
study into how one-dimensional and two-dimensional misalignments in the circuit’s half-plane
affect the radio frequency (RF) signal that propagates through the device. Figures of merit include
the device’s reflected power, or S, the transmitted power through the SWG, or So;, the device’s
cutoff frequency, and the SWG’s dispersion curves.

Computer simulations using Ansys’s High Frequency Structure Simulator, or HFSS, and
cold test laboratory measurements for aligned and misaligned Ka-band (26.5 GHz — 40 GHz)
SWG circuits are presented. Upon completing a thorough RF characterization of the Ka-band
device, efforts will shift focus to designing a SWG circuit for a W-band (75 GHz — 110 GHz)

TWT amplifier prototype.
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Preface

The United States Navy (USN) and the United States (U.S.) Department of Defense (DoD)
often seek external assistance in developing technology directly related to their core mission
objectives. There are many methods by which this goal can be accomplished. The more conventional
and well-known manner includes the United States Government contracting large, private companies
such as Lockheed Martin, Norhrop Grumman, Raytheon, Leidos, etc., to complete more demanding
tasks such as building the next-generation fighter jet. Another lesser-known method, born out of
the Small Business Innovation Development Act of 1982 and the Small Business Technology
Transfer Act of 1992, both passed by Congress, stimulates technological innovation to meet the
government’s needs while promoting small business growth by contracting domestically-based,
for-profit companies with no more than 500 employees and affiliates [1].

The work described herein is directly supported by the Small Business Innovation Research
(SBIR) and Small Business Technology Transfer (STTR) programs, the latter of which partners
a small business meeting the aforementioned requirements with a university, a federally funded

research and development center, or a qualified non-profit research institution [2].
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Chapter 1: Introduction

1.1 Motivation

The continuously-evolving societal dependence on wireless electronic devices has caused
such devices to permeate almost every facet of day-to-day life. The defense industry is also
not immune to the increased reliance on this equipment; in fact, it is often at the forefront of
groundbreaking developments in such electronics. For this reason, wireless electronic device
development, maintenance, and security have become de facto core values for the United States
Department of Defense (DoD).

Inherent in these core values lie the importance of advancing and maintaining reliable
communications and society-advancing research, both of which demand increasingly high
powers and large bandwidths. Also demanding the same requirements are electronic warfare
(EW) systems for use in defending the United States’ and its allies’ ability to successfully
operate secure communications systems and continue to carry out essential defense capabilities
in the event of an adversarial attack. As bandwidth requirements continue to increase,
higher frequencies in the millimeter-wave (mm-wave) regime (30 GHz — 300 GHz) and the
sub-mm-wave regime (300 GHz — ~3 THz) are needed. The increase in power in conjunction

with higher frequencies gives rise to significant challenges for devices to meet these standards.



Modern-day technology has advanced considerably over the past century, but to meet the
needs for high power and large bandwidth, vacuum electronic devices (VEDs) are still the ideal
candidate to fulfill said requirements (solid-state semiconductor devices are not yet capable of
achieving these capabilities). They also provide novel solutions in areas where size, weight, and
power (SWaP) are of equal importance (such as on satellites) [3].

The advancement in computer-aided design (CAD) and simulation has allowed for
increasingly complicated device configurations to be designed with ease. Instead, challenges
arise in fabrication because extremely tight manufacturing tolerances on the order of micron
(um) to sub-micron (sub-pm) levels are necessary due to the very short wavelengths in the mm-
wave and sub-mm-wave regimes. Without this level of manufacturing precision, VEDs will not
operate at optimal levels in power, bandwidth, and efficiency.

Difficulties in producing high-frequency, high-power, and large bandwidth VEDs does not
end with tight manufacturing specifications. Tolerances on the order of a few microns to sub-
micron levels are additionally very expensive. This is due to many factors, but there are two that
are most restrictive. The first issue is there are few machines capable of achieving such levels
of accuracy [3]. Secondly, VEDs are typically composed of many smaller components, each
of which must also be fabricated precisely. When these smaller components are assembled to
compose the final device, each component’s error will negatively contribute to the full assembly’s
performance quality. For this reason, tight tolerance devices generally have a low yield thereby

making them significantly more expensive. Low yields manifest on the consumer side (in this

I"Optimal levels" in the EW context also constitute unparalleled device operation (and little to no degradation
in performance) even in the most harsh electronic and environmental conditions.
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context, the U.S. Navy) as higher costs for the product or conceding to using a device with sub-par
performance in one or more of its design facets, which is not optimal [3].

The STTR supporting the work described herein states that our group must develop
technologies capable of “...high precision assembly of the extremely high tolerance, large aspect
ratio components required by modern mm-wave vacuum electronics ...” [3, 4]. In other words,
we must develop solutions to the problems discussed in the introductory paragraphs.

The precision alignment of the device’s components is essential to accomplish this
program’s goals. For this reason, additional program requirements articulate our solution must
also make use of at least one of the of following methods (but are not limited to those stated) to

fasten assembly pieces together:

* Elastic Averaging (EA): Mitigates structural misalignments by averaging out errors
through “controlled compliance between precision surfaces” (see Figs. 1.1 and 1.2b). EA

has a precision accurate to 1 ym (for more details on the elastic averaging technique, see

[5D) [4, 6].

* Kinematic Coupling (KC): A type of deterministic coupling (i.e., the same initial
conditions will always result in the same final system state) where the number of
constraining or contact points on the fastener equals the degrees of freedom to be
constrained (see Fig. 1.1 and 1.2c). KC has a precision that can be accurate to less than

0.1 yum [4, 6].



* Quasi-Kinematic Coupling (QKC): A variation of KC, QKC relies on an arc-shaped

contact (as opposed to point contacts in KC) that allows for lower contact stresses due to

the larger contact area. QKC has a precision accurate to sub-pm levels (< 0.1 pm) (see

Fig. 1.1 and 1.2d) [4, 6].

It is important to take into account when designing VEDs that KC does not have the ability to

maintain a vacuum seal whereas EA and QKC do have this capability.

Though the main goal of this STTR is
focused on mechanical precision alignment
techniques, because these techniques are being
employed in VEDs, there are consequences

on the radio frequency (RF) and electron gun

Mechanical Tolerances

0.01 ym

0.1 um

1.0um | 10um

Pinned Joints

Elastic Aweraging
Quasi-Kinematic Coupling
Kinematic Couplings

I

Figure 1.1: Mechanical tolerances for various
coupling techniques. Adapted from [7].

components that need to be studied. This thesis will focus mainly on the research into

characterizing the effects misalignments have on the RF components of the VED. This and other

research contributions will be briefly outlined in Sec. 1.2.

1.2 Research Contributions

The awarded STTR is a three-year contract under which Dymenso, LLC; the University

of Maryland (UMD), College Park; and Leidos, Inc. are partnered to deliver a functional

W-band (75 GHz — 110 GHz) traveling-wave tube (TWT) amplifier prototype using a serpentine

waveguide (SWGQG) as its slow-wave structure (SWS) to the United States Naval Research

Laboratory (NRL) (see Ch. 2 for more details on traveling-wave tubes, serpentine waveguides,
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Figure 1.2: Various mechanical alignment and coupling methods. Methods (b), (c), and (d) are often
used for precision alignment techniques. Adapted from [6, 7].



and slow-wave structures). This thesis comes at the end of the contract’s first year and each

group’s responsibilities to this point are described below.

Dymenso will create the Ka-band circuit’s mechanical design by optimizing the EA alignment
technique and simulating the device at high temperatures (up to 1000°C) to ensure
mechanical robustness and repeatability in bakeout and operational environments; fabricate
the Ka-band design; perform quality control measurements on the fabricated Ka-band

circuit; and begin to create the W-band circuit’s mechanical design [4].

UMD will provide the electrical design for the Ka-band SWG circuit, cold test the circuit in the
laboratory once fabricated by Dymenso, design the W-band circuit for the TWT prototype,
perform any laboratory tests for the W-band TWT, and conduct analytical research in

developing and applying the adjoint method to beam optics sensitivities [4].

Leidos will assist UMD in realization of the adjoint method by implementing it in the beam
optics and collector design particle-in-cell (PiC) code, MICHELLE, managed by NRL and

Leidos [4].

1.3 Thesis Outline

This thesis is organized in the following manner: Ch.2 provides a comprehensive
background of TWTs, coupled-cavities (CCs), folded waveguides (FWs), serpentine waveguides,
and the chosen fabrication method for the SWG in this study. In Ch. 3, a review of SWG
circuit theory is presented. Following the theory, a Ka-band SWG circuit design is discussed.

Ch. 4 describes the methods used to improve matching between the SWG and the tapers to



a standard waveguide size, Ch. 5 presents detailed simulations of how one-dimensional and
two-dimensional misalignments in the device affect the microwave signal, and Ch. 6 includes
laboratory cold test measurements for fabricated Ka-band circuits. Finally, an analytical
optimization model is presented in Ch. 7 to avoid exciting backward waves in a SWG circuit
that will be used in the W-band SWG TWT prototype to be delivered to the Navy. Conclusions

are made in Ch. 8 where future work is also stated.



Chapter 2: Background

2.1 Overview

It is crucial to first understand at a high level the application of the SWG before it is
presented in detail. Though the SWG is widely studied by academia and in vacuum electronics
research, its primary application is to serve as a slow-wave structure in TWT amplifiers. A brief
discussion of TWT amplifiers’ principle operation is presented in this chapter as well as the

reasons for which the SWG is beneficial for its design in certain applications.

2.2 Traveling-Wave Tubes

2.2.1 Introduction

The traveling-wave tube has been the design of choice for microwave frequency signal
amplification for over 50 years. They can be seen in a wide variety of applications ranging
from radio detection and ranging (RADAR) to electronic warfare (EW), from satellites to other
communications methods, and even in research. Their widespread use results in their domination
of the microwave vacuum tube market by accounting for over 50% of all sales [8].

In this section, a brief history of the traveling-wave tube will be discussed followed by an

analysis of helix TWTs (the first TWT to be developed). Once the fundamental groundwork has



been laid, a discussion on other cavities and slow-wave structures will be presented, followed by
the motivation for selecting the SWG as the circuit to be studied. The adjoint method, which is a
mathematical method recently applied to TWTs to optimize various performance characteristics

such as electron gun design and circuit alignment, is presented in Appendix A.

2.2.2 A Brief History of the Traveling-Wave Tube

The first notion of controlling an electron beam using high frequency electromagnetic
(EM) waves was introduced in a patent by the Russian electrical engineer Andrew V. Haeff in
1936 [8]. Haeff was working on an oscillograph, or an early version of the oscilloscope, at the
California Institute of Technology when he was successfully able deflect a hollow electron beam
using a radio frequency signal running through a helix. During his research, he also observed
amplification in the RF signal; however, he did not describe the reason for this phenomenon
[8,9, 10].

Shortly before Haeff’s patent was submitted, Dutch engineer Klaas Posthumus, working at
the Philips National Laboratory in Eindhoven, Netherlands, described the interaction between an
EM wave and an electron in 1935 [8, 11]. His analysis stated that when the tangential component
of velocity of an RF signal propagating through a helix is the same (or very close to) the average
velocity of an electron traveling in the direction of the helix’s axis, the EM wave and the electron
will have a strong interaction causing the electron to transfer energy to the RF signal [8]. Such a
development laid the foundation for more rigorous research into traveling-wave tube technology.

It wasn’t until June 1946, however, that TWTs were first announced to the public at the Fourth



Figure 2.1: J.R. Pierce’s traveling-wave tube design. Adapted from [12].

Institute of Radio Engineer’s Electron Tube Conference at Yale University [8]. In the same year,
Andre Blanc-Pierre and Pierre Lapostolle described the first elementary coupled-cavity TWT [8].

Though the technology and some basic theory for traveling-wave tubes had been around
for approximately 10 years at the point of the Radio Engineer’s Electron Tube Conference in
1946, the most rigorous and fundamental theory for the devices was not introduced until January
1950, when American engineer John R. Pierce published his paper, “Traveling-Wave Tubes,” in
the Bell System Technical Journal [12]. Fig. 2.1 depicts his design of the traveling-wave tube. It
was from this paper that TWT technology expanded rapidly and began to permeate into several
applications, some of which were described in the introduction to this paper, in which they still
exist in modern technology. Even today, Pierce’s paper is widely considered the foundational

theory behind TWTs.
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2.2.3 TWTs - A Common Choice

A logical and very important question arises at this point: why are traveling-wave tubes so
widely used as microwave amplifiers as opposed to other devices? The answer to this question
is discussed in more detail below, but the explanation largely lies in the TWT’s large bandwidth
and high gain.

In order to further motivate the benefits of TWTs, introducing the klystron is necessary.
A klystron is another type of microwave tube that was developed largely in parallel to TWTs.
Detailed analysis of the klystron’s principle operation is beyond the scope of this text, but
to briefly summarize the device, it is similar to the TWT in the sense that an electron beam
propagates through a vacuum tube that is connected to (generally) two cavities. One cavity
has RF injected into it (by means of coupling, which is usually inductive) from an external
source and a the second cavity is where the amplified RF signal is extracted (also by inductive
or capacitive coupling). Like the TWT helix, the cavities in a klystron serve as areas where
beam-wave interaction occurs.

In any respect, helix TWTs have a much larger bandwidth than klystrons [13]. In fact, the
bandwidth of a helix TWT can exceed two octaves whereas klystrons can only operate within
about 10% — 15% of its cavity’s resonant frequency [8]. The fact that klystrons are limited to
their cavity’s resonant frequency also brings to light the problem of operating frequencies and
size. To design a resonant cavity for less than 1 GHz, its size would be quite large (due to the fact
cavity size is inversely proportional frequency) and in many cases, impractical. In helix TWTs,

however, there are no such size restrictions because the RF signal propagates on a conducting
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helix rather than resonating in a cavity; for this reason, TWTs have been designed to operate at
frequencies ranging from hundreds megahertz to over 300 GHz (in coupled-cavity TWTs) [8].

The amplifier’s gain is also an important figure of merit in their design. Two-cavity
klystrons typically have a maximum gain of about 20 dB and can operate with peak powers
on the order of megawatts. Klystron gain can be increased to ~80 dB with the addition of two
cavities (for a device with four cavities in total), but due to the increase in size with additional
cavities, klystrons typically do not incorporate more than four cavities [14]. TWTs, on the other
hand, can reach a small signal gain of about 20 dB — 50 dB and can operate with an average
power on the order of kilowatts [14]. Though the maximum gain is usually less than a four-cavity
klystron, the size of the TWT with 50 dB gain is much smaller than that of a klystron with the
same gain.

The one area where a klystron outperforms a TWT is in efficiency. TWTs have efficiencies
that typically range from 10% to 40%, however, older TWTs operate with 10% — 20% efficiency
[14]. TWT efficiency can be increased by introducing a variable pitched helix as described in
[15] or by the addition of a depressed collector located at the end of the device. The collector
recovers some of the beam’s electrons and recycles them within the circuit. Klystrons, on the
other hand, routinely operate with efficiencies greater than 40% and have a maximum theoretical
efficiency of 58%.

A very practical example of a case in which a TWT would be highly advantageous to
choose over klystron (or any other vacuum tube amplifier, for that matter) is in an electronic
warfare application. EW systems typically strive for very high gain over very large bandwidths
to cause interference and disrupt communications. This must usually be done in a reasonably

sized package, as well, further solidifying the choice of a TWT amplifier. Their compact design
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Figure 2.2: Basic schematic depiction of a helix TWT amplifier. Adapted from [8].

also makes them ideal for deployment on satellites where device footprint size and weight are of

the utmost importance.

2.2.4 Helix TWTs

Carrying out the analysis of traveling-wave tubes to understand their principle operation is
most logically done by separating its components into two parts: the RF circuit and the beam.
Before it is possible to delve into the analysis of the SWG TWT, which is the focus of this thesis, it
1s essential to understand the most fundamental TWT, or the helix TWT. To do this, first consider
the basic schematic representation of a TWT illustrated in Fig. 2.2.

The small signal analysis of the TWT in Fig. 2.2 begins by applying Posthumus’ and
Pierce’s observations of beam-wave interactions. They concluded that for RF signal amplification
to occur, the Z-component (or axial component) of the velocity of the RF wave in the helix must
be equal, or very close, to the average velocity of the electrons in the beam propagating along the
helix’s axis (the reader will have to take this fact on merit in order to further develop the theory

behind the beam-wave interactions; the explanation of these findings will arise naturally as the
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subsequent analysis continues) [8, 12]. There is a glaring issue with this observation, however.
The RF signal propagates through the helix at the speed of light and the electrons in the beam
cannot travel at such a speed. Thus, a method to slow the RF propagation must be conceived.

To slow the EM wave’s propagation velocity in the helix, consider the RF signal
propagating along the conducting helix from left to right in Fig. 2.2. The axial component of

the wave’s velocity along the helix is given by

Vg = CSINY) = ——e b < ¢ @.1)

P + (2ma)’

where c is the speed of light, v is the helix’s pitch angle X X e X

with respect to the vertical axis, a is the helix radius, i

and p is the length of a single helix period along Z
(see Fig. 2.3). This axial component of velocity will be (a) 3D helix geometry.

'
defined as the phase velocity, v,,, herein. Note that v, i 9{

Cc
z

is the RF wave’s velocity along the helix’s path reduced

2na csiny
by the helix’s pitch. Thus, v, is less than the speed

\ -+

of light. For this reason, the helix is referred to as a

Yy )

“slow-wave structure” (or SWS). In order to match the  (b) 2D projection of 3D helix geometry.

RF phase velocity to the average speed of the electrons Figure 2.3:  Helix geometries.
Adapted from [8].

in the beam, the helix’s pitch, 1), must be designed such

that v,;, = csin (¢) = (v.) where the angle brackets denote the average of the argument and v, is

the electron’s velocity in the beam in the +2-direction.
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Figure 2.4: Electric field in a conducting helix where one half-wavelength of
the RF signal spans two full helix turns. Adapted from [8].

Now that v,;, = (v.), the physics behind the beam-wave interaction can be discussed. In
Fig. 2.4, the electric field lines are drawn for a helix in which a half-wavelength of the RF field
spans two complete helix turns. In other words, a single period of the RF signal spans four helix
turns. The reasons behind choosing four helix turns per RF period are discussed in more detail
in [12]. It is these fields that are the mechanism carrying out the beam-wave interaction. When
actually designing a TWT, the helix pitch, the number of turns, and its length must be carefully
chosen based on the TWT’s desired bandwidth and the beam energy. For the preliminary analysis
of the beam-wave interactions, it is assumed the helix is in a magnetic field-free region, i.e.,
B = ( everywhere.

From Fig. 2.4, it is clear electrons in the beam entering the helix are located in Region B
where they experience an axial force in the +2-direction due to the EM fields (this force is more
commonly known as the Lorentz force). The Lorentz force is given by F = ¢ (E + v x B)

where F' is the force vector, ¢ = —e is the charge, e is the fundamental charge, E is the electric
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(a) when the beam first enters the helix and (b) when the electron bunch in the beam falls into
decelerating field after the electric field undergoes a —7/2 phase shift. The sinusoidal traces
depict the force F' = qF = —eE. Adapted from [8].

field vector, and B is the magnetic flux field vector. The charge will be accelerated in the
-+ z-direction upon seeing this force in Region B.

The accelerated charges moving in the +Zz-direction will then enter Region A where
the electric field’s direction reverses from pointing in the —Zz-direction to pointing in the
+Z-direction. The change in the electric field’s sign is due to the helix’s changing polarity
corresponding to a half-wavelength of the RF signal per two complete helix turns. The electrons
in Region A will thus experience a force in the —2-direction and will be decelerated. Electrons
are still being accelerated in Region B, however, so they will begin to catch up to those being
decelerated in Region A. This causes electron “bunches” to begin to form. The bunches in
the early stages of the helix are far from discrete; in other words, the bunch edges are not yet
well-defined.

The space charge forces begin to increase in the volume the bunches occupy and said forces

start to have an effect on the EM wave traveling through the helix. Electrons on the helix located
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Figure 2.6: Correlation between the amplified RF signal and the accumulation
of electron density in the bunches in a TWT amplifier. Adapted from [8].

behind the forming bunches travel with v}, = —2uv,, relative to the beam and the electrons on
the helix in front of the bunch travel at v, = vy, relative to the beam (i.e., they appear stationary
with respect to the beam) [8]. Thus, the charge density behind the bunch decreases (decreasing
the space charge force behind the bunch) and the charge density in front of the beam increases
(increasing the space charge force in front of the beam). The electron’s change in phase velocity
on the helix also causes the RF signal to undergo a —7/2 (—90°) phase shift, thereby shifting the
electric field by —7/2 as well (shown in the transition from Fig. 2.5a to Fig. 2.5b). Now that the
beam is out of phase with the electric field, the electron bunches shift into a region where E
points in the +2-direction, which is a decelerating field as depicted in Fig. 2.5b. The energy the
electrons lose from being decelerated by this electric field is transferred to the wave in the helix
resulting in the desired amplification of the RF signal [8].

Like any real system, the RF amplification is not infinite. As the bunches continue to

decelerate, they become more discrete and more charge accumulates in them resulting in a large
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increase of space charge forces within the bunches. Increasing space charge forces cause a phase
lag in the RF signal and its phase shifts by an additional —7/2 [8]. The electron bunches are
now in phase with an accelerating electric field and they extract energy from the RF signal on
the helix thereby reducing the amplification. The point at which this occurs is called the TWT
saturation point, i.e., when the RF signal’s energy is equal to the beam’s energy and the maximum
amplification has been achieved [8]. This phenomenon is depicted in Fig. 2.6.

The helix’s wire size also contributes to the beam-wave interaction that amplifies the RF
signal. For this reason, the wire’s geometry must be carefully selected. If the wire’s cross-section
is very small, the EM fields will not radiate very far from the wire’s edge and there will be little
beam-wave interaction. If the wire’s cross-section is too large (i.e., if the mean helix radius is
less than the wire’s internal diameter), however, there will be little space for the electron beam to
propagate along the helix’s axis. This would result in excess collisions between the beam and the
wire likely damaging the helix and degrading TWT performance [12]. The solution to this is to
create a helix constructed from a conducting metal sheet (also called a “tape helix”) that can be
located close to the beam so as to increase the beam-wave interaction and also allow the beam to
propagate through the device with few collisions [12].

The preceding, mostly qualitative, analysis has described the basic functionality of a helix
traveling-wave tube and illustrated the phase velocity of the EM wave on the helix must match
the average velocity of the electrons in the beam in order to facilitate interaction between the

electrons present in the beam and the microwave signal.
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2.3 Coupled-Cavities, Folded Waveguides, and Serpentine Waveguides

2.3.1 An Alternative to the Helix

A conducting tape helix is not the only method to implement a SWS in a TWT. Other
common slow-wave structures used in TWTs, particularly at frequencies at and above Ka-band
(26.5 GHz - 40 GHz), are the folded waveguide (FW) depicted in the Fig. 2.7a and the serpentine
waveguide depicted in Fig. 2.7b.

In the FW/SWG SWS, the RF signal propagates through the meandering waveguide and
the electron beam passes through the beam tunnel that bisects the waveguide. There is a gap in
the region where the beam tunnel intersects the waveguide so that the EM wave can interact with
the beam. This region is referred to as the “gap” and there are two gaps in a single period of the
FW/SWG. For this reason, the FW/SWG structure is actually a special case of a coupled-cavity
circuit; each portion of the meandering waveguide separated by the beam tunnel is its own cavity
capacitively coupled to the next section. The meandering waveguide’s principle is identical to
that of the helix: to slow the RF’s (axial) phase velocity such that it is approximately equal to the
electron’s velocity in the beam.

Folded waveguides and serpentine waveguides are usually the choice design when working
with mm-wave frequencies and above. This is mainly due to fabrication processes and power
handling capabilities. As mentioned in Ch. 1, size scales inversely to frequency; thus, for
frequencies around 30 GHz and above, a tape helix would be very small, extremely fragile,
difficult to produce, and have low power-handling capabilities. The FW/SWG geometry does

not suffer from fragility, however, because the structure is often milled from a solid copper
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(a) Folded waveguide single period. (b) Serpentine waveguide single period,
which is a special case of the FW.

Figure 2.7: 2D projection of typical folded waveguide and serpentine waveguide structures.
FW/SWG TWTs are fabricated by linking numerous periods of length L,, in series.

block or even 3D printed (see [16] for more details about a 3D printed W-band SWGQG). Further
discussion follows regarding CC’s and FW/SWG’s ability to handle higher power, but at a

reduced bandwidth.

2.3.2 Coupled-Cavity Power Handling and the Energy Quality Factor

The ability for a TWT to handle high power levels is extremely important, especially in the
scope of this research project. General CC TWTs provide this ability due to their high quality
factor, (). To find (), we start from electromagnetic energy conservation and Poynting’s theorem,

9 3, 1 )2 12 O 3
= [ o (dBE+ pHP) + | dAn- SR{E x HY =0 2.2)
ot 4 S 2

J/

~~ ~

U Puats
where E is the complex electric field vector, H is the complex magnetic field vector, € = €€
is the material permittivity, €, is the material’s relative permittivity, €, is the permittivity of free
space (vacuum), it = i, fto 1S the material permeability, . is the material’s relative permeability,

Lo 1s the permeability of free space, and 7 is the surface normal unit vector.
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For cavity modes, the average energy stored in E and H is the same, i.e.,

/d%ﬁEP:/ Ry : dL (2.3)
v 4 v 4

The loaded quality factor’s definition in terms of of energy is given by:

wlU
e = — . 24
Q P, (2.4)
Substituting in for the stored energy and dissipated power, we get
w1 B |H|?
Q. =21 i) 2.5)

c R\ € [dA|H,|?

where w is the angular frequency, U is the stored energy in the resonant cavity, and
Py = % JdA RS|1EIZ |? is the power dissipated in the cavity walls due to an imperfect conductor,
H_ is the magnetic field’s tangential component, Ry(o) = \/‘;:g is the surface resistance, and o
is the material’s conductivity. The use of ¢ in (2.5) assumes the CC is under vacuum.

In other words, the quality factor is proportional to the energy stored in the cavity divided
by the energy dissipated in RF one cycle. Coupled-cavity TWTs are also capable of handling
higher power because they are often made from solid copper or copper alloys. Such material has
high conductivity, o, resulting in less power being dissipated in the walls. This results in higher

Q. as well as higher output power.
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Figure 2.8: Rectangular resonant cavity.

2.3.3 Coupled-Cavity Cutoff Frequency and Bandwidth Quality Factor

Though CC and CC-like (i.e., FW/SWG) circuits have the ability to handle greater power
levels, their bandwidth is much less than that of a tape helix. In fact, tape helices are extremely
wide band because they do not have a lower cutoff frequency like a coupled-cavity or a
waveguide. Rectangular coupled-cavities are simply a series connection of rectangular resonant

cavities, each with a cutoff frequency given by

B G+ ()

where m € N, n € N, and p € N (i.e., m, n, and p are positive integers) denote the TE,,,,

L

mode, T

= c¢ in vacuum, a is the cavity’s broadwall dimension, b is the cavity’s narrow wall
dimension, and d is the cavity’s length (see Fig. 2.8). A rectangular waveguide is a special case

of rectangular resonant cavity where d > pm, so Z& — 0. Using this limit in(2.6), we arrive at

the cutoff frequency for a rectangular waveguide:

o= )+ (5 @)
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Figure 2.9: Definition of the FWHM in terms of frequency and
power. The resonant frequency is fo.

Equation (2.7) can be used to calculate the cutoff frequency for FWs and SWGs because their
cross-sections are rectangular.
We now introduce the bandwidth quality factor, @) s, which is defined as

o

=7 (2.8)

Qr

where f; is the resonant frequency and Af = f, — f; is the bandwidth at the full-width half
maximum (FWHM) (see Fig. 2.9). In terms of frequency and power, the FWHM is defined as
the bandwidth over which the cavity’s resonating power is greater than half (i.e., 3 dB below) the
resonant frequency’s power, P,,q..

Q. and Q) are not identical, but when () is large, (). ~ (). This is the case for rectangular

resonant cavities resulting in low bandwidth because Q)¢ o Aif .

23



2.4 Device Selection for Misalignment Studies

2.4.1 Circuit Geometry

Careful consideration must be made when choosing a device to fulfill the the requirements
set forth in Ch. 1. TWTs with a helical SWS offer extreme wide band capabilities, but in the
mm-wave regime, however, the helix would have to be very small. This significantly limits
its ability to handle high power. In fact, in Ka-band, a helix TWT would be limited to only
about 500 W or less (at frequencies above Ka-band, this power level only decreases). As
mentioned previously, a helix of small size is very delicate, as well. Coupled-cavity TWTs, on
the other hand, are capable of handling high power levels, but at significantly lower bandwidths
as discussed in Sec. 2.3.2 and Sec. 2.3.3. It is apparent a device is needed that serves as a
compromise between the helix TWT and CC TWT. Let us further investigate the FW/SWG
geometry.

Unlike true CC TWTs where individual resonant cavities are coupled through small
apertures, or “irises,” the FW/SWG geometry is a continuous waveguide that is bent in between
the interaction regions, or gaps. In fact, the bending waveguide nature behaves as a serial network
of coupled cavities, each of which are fairly low-(). Recall from (2.8) that the SWG’s lower
quality factor results in a larger available bandwidth than a CC TWT.

SWG structures are also much more robust than a helix because they are often milled from
solid copper (or copper alloy) blocks or 3D printed rather than making use of a fragile helix.
Power levels in these solid structures can increase by one or more orders of magnitude compared

to those a helix is capable of obtaining.
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Figure 2.10: SWG circuit (without a beam tunnel) milled from a copper block in the
half-plane. The full structure consists of two of these half-planes vertically positioned
and brazed together to form a single, closed device. Adapted from [17].

2.4.2  Circuit Fabrication Techniques

It has become evident the FW/SWG geometry is a desirable geometry for this project due to
its characteristics akin to helix TWTs and CC TWTs. The device’s fabrication method must now
be decided, which must be in accordance with precision alignment. One method in which this
is possible is to use the computer numerical control (CNC) milling technique to remove material
from a solid copper block as mentioned previously. This can be done by milling the FW/SWG
circuit out of a single block, or, milling the circuit out of two blocks split in the half-plane as
shown in Fig. 2.10. When fabricating the circuit in the half-plane, the final device is composed
of joining the circuit’s lower half to its upper half using precision alignment techniques. Holes
for the pinned joint alignment technique are visible in Fig. 2.10.

The fabrication aspect ratio, defined as the depth the end mill cuts into the block divided
by the end mill’s diameter, is of great importance when machining such devices. Milling the
FW/SWG circuit out of a single block is not desirable due to the high aspect ratio; a larger

aspect ratio often results in manufacturing imperfections thus degrading the RF signal. Milling
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Figure 2.11: The electric field, E, magnetic field, H, and surface currents, K,
in a rectangular waveguide. Adapted from [18].

the circuit in its half-plane reduces the aspect ratio, and therefore, the number of imperfections,
leading to a more precisely fabricated structure.

The beam tunnel also benefits from the half-plane fabrication technique. In the half-plane,
the end mill must only cut a short distance into the block whereas if the FW/SWG is milled from
a single block, the end mill must cut a hole through the block that is the length of the entire circuit
(this is known as a “hole-pop”). Any minute misalignments of the block to the mill when the mill
begins cutting will be exacerbated further down the circuit. The end mill is more susceptible to
bending away from a straight path further into the circuit, as well, if the hole-pop method is used.

A SWG circuit for a W-band TWT was fabricated using the methods described above in
[19] and [20] revealing further anecdotal evidence half-plane fabrication is superior to a single
block fabrication. When milled from a single block, the FW/SWG structure still requires a top
plate that acts as the waveguide’s second narrow wall in order to complete the waveguide’s circuit.
Other studies performed by the group in [19] and [20] examined this single-block fabrication

with a cover and numerous cold tests revealed higher RF reflection and consequently, lower RF
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transmission in the single-block design. Such behavior can be explained by examining the surface

currents in a rectangular waveguide which are given by the relation:

K=nxH (2.9)

where K is the surface current in A/m, n is the surface normal unit vector, and H is the magnetic
field vector. Using Fig. 2.11 and the right hand rule, it becomes clear the surface currents in the

half-plane are null whereas the surface currents in the top plane are nonzero [18, 21].

2.4.3 Final Circuit Selection

The details in the discussion presented in Sec. 2.4.1 and Sec. 2.4.2 must be considered
carefully when choosing a circuit geometry. For our research, we selected to use a half-plane
split block SWG as it offers a unique compromise in both power and bandwidth as well as the
opportunity to quantify the consequences misalignments in precision manufactured devices may

have on the RF signal.
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Chapter 3: Serpentine Waveguide Circuit Theory

3.1 Overview

Now that the SWG SWS has been chosen, it is beneficial to introduce a brief review
of FW/SWG circuit theory. In this chapter, an overview of the general dispersion relation is
presented and the analytical transmission line model for the FW/SWG is then introduced followed
by the application of this model to a circuit misaligned in the half-plane. An accurate model for
the FW/SWG allows us to create a well-defined dispersion relation for the device which can then
be later supplied to large-signal interaction codes such as CHRISTINE or TESLA in which gain
calculations are performed (see [22], [23], and [24] for more details). The chapter concludes
with a discussion of the Pierce impedance, which is commonly used to quantify the beam-wave

interaction strength in VEDs.

3.2 Dispersion Relation

3.2.1 Background

A discussion is warranted regarding dispersion relationships before the transmission line
model for FW/SWGs is derived. Such relations permeate the microwave, electron device, and

plasma physics industries. Though dispersion, or a type of signal distortion, exhibits unique
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characteristics in different systems, understanding its behavior is imperative to understanding
the overall device behavior.? In TWTs, it is particularly important because the intersection of the
dispersion curve with the beam line is the frequency at which the strongest beam-wave interaction
occurs in the amplifier.

The power of the relationship between w and k£ becomes more evident when it is plotted on
a 2D coordinate axis. Take the dispersion relation for the lowest mode in a straight, rectangular

waveguide, the TE;(, mode, for example:

w?(k) = Wiy + k¢ (3.1)

where w10 = %° is the rectangular waveguide’s cutoff frequency for the TE,o mode [17]. The
plot corresponding to (3.1) is shown in Fig. 3.1. This plot makes it easy visualize and possible to

extract both the phase velocity,

w
Vph, = T (3.2)
and the group velocity,
Ow
Ug = % R (33)

of the microwave signal in the in the waveguide. Plotting w(k) also allows for the inclusion of the
light line (the dotted trace in Fig. 3.1), which gets its name from the fact its slope is equivalent to
the speed of light, c. In later sections, a beam line will also be added to the SWG dispersion curve
plots to demonstrate the beam-wave interaction between the microwave signal and the electron

beam propagating through a SWG’s beam tunnel.

2In general, the dispersion relation relates the frequency, w, to the wavenumber, k. In other words, it is expressed
as w(k) or k(w).
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Figure 3.1: Dispersion curve for a rectangular waveguide with cutoff frequency w..
Adapted from [8].
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Figure 3.2: Dispersion curves for a periodic vane-loaded waveguide with period L,,. Adapted from [8].
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As the wavenumber, &, approaches zero, it is evident from (3.1) that w — w19 and v, — 0.
It thus becomes clear why this is called “cutoff;” the signal’s group velocity is null and therefore,
no wave is propagating. As £ increases, however, v, — c¢. When k£ > 0, v, > 0 and the wave
propagates in the forward (+2) direction. When k& < 0, however, v, < 0 and the wave propagates

in the backwards (—Z2) direction (this phenomenon is known as a “backward wave”).

3.2.2 Periodic Structures and the SWG

Plotting dispersion curves for periodic structures is particularly beneficial as even more
device properties can be inferred from the w(k) diagram. Take the case of a periodically vane-
loaded waveguide with period length L,, whose dispersion curves are depicted in Fig. 3.2, for
example.

It is evident from Fig. 3.2 that for periodic structures, the dispersion relation also becomes
periodic; this gives light to interesting structural properties. The dispersion curves’ periodicity
arises from spatial harmonics present in the device. One of the first observations to note in the
curves is the existence of upper and lower cutoff frequencies for each mode (recall cutoff occurs
when v, = 9w /o, = (). When the term “cutoff” is used, however, it is generally assumed to still be
referring to the mode’s lower cutoff frequency unless otherwise stated. In Fig. 3.2, each mode’s
lower cutoff frequency is labeled as w.1, weo, wes, €tc. in order of increasing mode cutoff. For
rectangular waveguides, the lowest mode is always the TE;; mode. The higher mode numbers
and cutoff frequencies are dependent on the waveguide geometry, of course.

Introduction of upper and lower cutoff frequencies in periodic structures also leads to

bandgaps (also commonly known as “stop bands™). Bandgaps are defined as regions of frequency
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where signals with a purely real wavenumber do not propagate through the device. In other words,
there are certain frequency ranges in the periodic structure for which waves are evanescent.
This occurs between a lower mode’s upper cutoff frequency and a higher mode’s lower cutoff
frequency. See Fig. 3.2 for an illustration of a bandgap in a periodic structure.

The SWG’s dispersion relation can be derived by considering the dispersion relation for the
TE;o mode in a straight waveguide expressed in (3.1) and the electric field’s phase in the SWG
given by

¢.=kLs+m(2n+1) (3.4)

where L, is the RF signal path length from one gap to the second gap through the serpentine bend
andn € Z (i.e., n is in the set of all positive and negative integers) denoting the spatial harmonics
in the periodic SWG [17]. Combining (3.1) and (3.4) yields a normalized dispersion relationship
for the SWG for the TE;; mode:

2 2
(B =gl

where f is the operating frequency [17].

3.3 SWG Transmission Line Model

An alternate expression for the SWG’s dispersion relation can be derived by considering the
structure’s transmission line model. First, we examine a FW with its beam tunnel and waveguide
bends modeled using shunt admittances, Y, as depicted in Fig. 3.3 and its unfolded transmission

line equivalent depicted in Fig. 3.4. From Fig. 3.4, it is possible to write the equations for the
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Figure 3.3: FW geometry with shunt admittances used to model the beam tunnel and SWG bends.
Adapted from [24].

voltage and current waves propagating through the structure as

V(2) = Vie* 4V e ™= (3.6)
1 . .

I(2) = — (Vie™™ — V_e ™) (3.7)
Zy

where V., and V_ are the forward and backward wave amplitudes, respectively, z is the spatial
coordinate, Zj (w) = \/i%ﬁ is the frequency-dependent line characteristic impedance, Z

is a constant determined by impedance matching, w, is the cutoff frequency, w is the operating

frequency, and the wavenumber, k, is given by [24]:

1
k= \/o? —a?. (3.8)

Next, we demand V (—L) = —V,,_1, V (0) = V,,, and V (L) = —V,,;; at the boundaries
and plug these relations into (3.6) and (3.7). The FW/SWG is a periodic structure, so we look
for solutions of the form V,,.; = V,e™® where 6 is the phase [24]. Replacing the complex

exponentials using Euler’s formula and substituting « = kL as the phase advance across
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z=-L z=10 z=L

Figure 3.4: Unfolded transmission line model for the FW/SWG. The voltage across the
admittances alternates polarity at each distance L along Z due to the 7 phase shift in the electric
field across a single period of the FW/SWG. Adapted from [24].

structure, we arrive at the transmission line model dispersion relation for the FW/SWG,

Asina + cosa = — cosf (3.9

where A = % [24]. Rewriting A in terms of known quantities yields
A
Alw) = ——2% (@ - i) (3.10)
1 — (wc/w)2 w wWo
where Ay = % g—z is the normalized impedance, wy = ﬁ is the resonant frequency,

Cyp 1s the capacitance, and L, is the inductance [24].

3.4 Transmission Line Model for a Misaligned Structure

The analysis presented in Sec. 3.3 above can also be extended to analytically model
structural misalignments, which are of particular interest to our group. More specifically, we are
interested in misalignments in the electric field’s plane (i.e., the half-plane depicted in Fig. 2.10)
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Figure 3.5: Unfolded transmission line model for the FW/SWG misaligned in
the half-plane. Note that L1 # Ls.

due to our choice fabrication method. Misalignments in the electric field’s plane can begin to be
modeled from modifying Fig. 3.4 by introducing periods, or cells, of different lengths L, # L.
Once again starting from (3.6) and (3.7) and performing an analogous analysis as for the

aligned structure in Sec. 3.3, we arrive at the boundary conditions

———— (Va Ve 3.11
Z() sin (03] ( cosa + 1) ( )

1
= —m (Vn COS (g + Vn+1) (312)

where oy = kL; and oy = kL, are the phase advances across the differenet periods, each of
which with unequal period lengths [24]. Constructing two Kirchhoff current law (KCL) equations
and carrying out the subsequent algebra leads to the transmission line model dispersion relation

for the misaligned FW/SWG:

2 . )
. . COS (V1 COS (x9 S1n g S1n (g

2cos f = sinaq sinag | 2A + — + — — | = + — (3.13)
sina;  sinap sinap  sinag

where [ is the phase advance across two periods [24].
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3.5 Beam-Wave Interaction and the Pierce Impedance

The beam-wave interaction is the primary energy transfer method in many VEDs, including
a SWG TWT. A common way to quantify this energy transfer is by calculating the interaction
impedance, otherwise known as the Pierce impedance. In general, the Pierce impedance is given
by:

(3.14)

where |Em| is the magnitude of the complex electric field along the beam tunnel axis,
k, = ko + 22—: is the wavenumber for the n™ Floquet spatial harmonic (n € Z), k is the
fundamental Brillouin zone’s (i.e., n = 0) wavenumber, L, is the SWG period length (that
includes two beam tunnel gaps), and P (k) is the time-averaged power flux through the SWG at
a given phase [25]. The Brillouin zone is another method for describing the circuit’s periodicity
and for the SWG, the Brillouin zone is periodic in 2. Most SWG structures have beam-wave
interactions that occur in the first (n = 1) or second (n = 2) Brillouin zone [25].

To calculate the complex electric field’s magnitude along the beam tunnel, it is necessary

to make use of Floquet’s theorem and space harmonics. Floquet’s theorem states [26]:

For a given mode of propagation at a given steady-state frequency, the fields at one

cross-section differ from those one period away only by a complex constant.

If we express the complex electric field, E in terms of its magnitude, £, and phase as

~

E = B(x,y, z) e Fozemt (3.15)
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and apply Floquet’s statement, we can write the electric field as a Fourier series [26]:
E(SE, Y, Z) e*koz = Z EAnei(%m/Lp)Ze*kOZ (316)

where E,, is the electric field’s n® space harmonic. Rearranging and integrating (3.16) from 0 to

L,, leads to an expression for En [26]:

E, = Lip /0 " gz Bertvr il E, (ko) - (3.17)
Notice how the first spatial phase in (3.17) is negative (known as a phase “delay”) whereas
the second spatial phase’s real part is positive (known as a phase “advance”). Great care
must be taken with these signs when using different EM simulation software. For example,
when inputting a spatial phase into the computational electromagnetic (CEM) code Computer
Simulation Technology (CST) Microwave Studio Suite (more commonly referred to as “CST
Studio Suite,” or, more simply, “CST”) by Dassault Systemes, a negative must be added if the
calculation in (3.17) is to be done. In other words, CST Studio’s eigenmode solver uses a phase
advance [25]. The High Frequency Simulation Software (HFSS) finite-element method (FEM)
CEM code from Ansys, however, uses a phase delay, so no additional negative sign is needed in
front of the spatial phase in this software package.
Finally, the time-averaged power flux through the SWG, P (k), can be calculated from the

Poynting vector, i.e.,

P(k;o):%/s (Exﬂ*).ds, (3.18)
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or equivalently,

11 dw A A
P(ky)) = ——— E. -E“d 1
(ko) 2T, dk Ve \% 3.19)

where H* is the complex conjugate of the magnetic field, S is the surface normal through which

dw

the power flux is calculated, o¢ = v, is the group velocity,

1 PPN
Up = = / eE - E*dV (3.20)
2Jv

is the time-averaged electrical stored energy in a single SWG period,

1 ~ ~
Up = 5/ uH - H* dV (3.21)
1%

is the time-averaged magnetic stored energy in a single SWG period, and
/ ¢E-E*dV =Up+Up =2Up = 2Uy . (3.22)
v

In other words, the time-averaged electrical stored energy is equal to the time-averaged magnetic
stored energy in one SWG period [26]. Equation (3.22) is just another way to express equation
(2.3). A more detailed discussion regarding calculating the Pierce impedance in FW and SWG

structures is discussed in [25], [27], and [28].
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Chapter 4: Ka-Band Circuit Optimization

4.1 Overview

Before the W-band circuit design process begins, it was decided to first start by designing
a SWG circuit at Ka-band. Ka-band is a lower frequency band than W-band. The lower
frequencies, and consequently, longer wavelengths, require a SWG with larger dimensions that
allows for more forgiving fabrication tolerances. Starting with these larger dimensions allows for
a slightly larger error margin during the manufacturing process thus allowing us to gain insights
into potential adjustments to make when working in W-band where the SWG circuit’s tolerances
are much smaller than at Ka-band.

This section begins with a concise review of scattering parameters (commonly referred to
as “S-parameters”) that will be the primary figure of merit in the circuit’s design optimization. A
brief description of the circuit’s optimization process will then be presented. The design efforts
focus on adding waveguide tapers to transition from the SWG size to the WR-28, or standard
Ka-band rectangular waveguide size, as well as adding a step transition to improve matching
between the SWG and the tapers. The HFSS FEM CEM code from Ansys is used to perform all

simulations herein unless otherwise noted.
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Figure 4.1: A general 2-port microwave network with an ABC'D transmission
matrix. Adapted from [14].
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4.2 Brief Review of Scattering Parameters

Scattering parameters are often used in microwave network analysis; they provide an
intuitive approach to understanding transmitted waves through and reflected waves from devices.
In real world applications, especially in high-power microwave (HPM) systems, this is extremely
important. It is essential to minimize the device’s reflection, or Sy;, to avoid a large reflected
signal in the interaction region. Such a reflection can induce self-oscillations when the gain of
the forward going circuit wave in the presence of the electron beam is higher than the reflection
coefficient. In this way the value of S;; determines the maximum stable gain the device can
achieve.

To better understand S-parameters, consider the two-port microwave network depicted in
Fig. 4.1. In this two-port network, there is a voltage V; across Port 1, a current I; flowing
into Port 1, a voltage V5 across Port 2, and a current /5, flowing out of Port 2. The scattering
matrix, [S], can be expressed in a matrix equation involving the incident and reflected microwave
signals, or V' and V —, respectively. For a two-port network fed by identical transmission lines

or waveguides:
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Vi S11 Sie V1+

= 4.1)
Vy Sor Sao| | V5
where each element of the matix, [S], is given by [14]:
V-
Si = v . (4.2)

7 v =0for k#j

Qualitatively, (4.2) states that when ¢ # j, the j® port is being driven with an incident wave
and the reflected wave at the " port is being measured when all other incident waves, except
for at the j™ port, are null. In other words, all other ports are terminated with matched loads to
absorb all incident power and to avoid any reflected waves. When i = j, .S;; = S5;; and (4.2) states
areflected wave is being observed at the i™ port when all other ports are terminated with matched
loads [14]. This analysis can be extended to N-dimensions for a /N-port microwave network by

simply increasing the dimensions of [S] [14]:

‘/1— 511 512 . SIN ‘/1+
‘/2_ 821 522 ce SQN V;_

— . (4.3)
V]; SNI SNQ Ce SNN VJ;}_

Often times microwave networks are cascaded to form larger networks, as in the case of
a SWG periodic structure. Analysis of such networks is simplified by introducing the ABC' D
transfer matrix, which is closely related to the [S] matrix. For the two-port network in Fig. 4.1, it

is possible to construct the ABC'D transfer matrix by first writing the equations for the voltages

41



and currents at the ports:

Vi=AVa+ B, 4.4)

L =CVo+ DIy 4.5)

which can be expressed as the matrix equation

Vi A B| |Va
— (4.6)

I C D| |L
where the 2 x2 matrix is the ABC'D transfer matrix [14]. The voltages and currents in cascaded
devices like the SWG can easily be calculated by simply multiplying the ABC'D transfer
matrices.
Further building on the SWG transmission line model discussed in Ch. 3, it is possible to
rewrite (3.11) and (3.12) as an ABC' D transmission matrix for a single SWG half-period [24].

The matrix entries for the SWG half-period are as follows:

(A= —cosa+iZyY,sina 4.7)
B =1Zysin« 4.8)
C =—-2Y;cosa + 7 sZin - (Zng sin® @ — cos® a + 1) (4.9)

(D = —cosa+1ZyYssina (4.10)

To find the transmission matrix for the full SWG period, simply multiply the half-period ABC' D

matrix with itself.
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Figure 4.2: SWG parameter variable names and definitions. Note that
2P = L, = 2L,.

4.3  Preliminary Structure

The preliminary circuit used to start the Ka-band design optimization efforts was based
on designs presented in [17] and [29]. The SWG circuit dimension variable names are defined
herein as shown in Fig. 4.2. The initial vacuum space circuit is depicted in Fig. 4.3 with select
dimensions listed in Table 4.1.

With the SWG’s vacuum space model created using CAD, it is now possible to simulate the
circuit in Fig. 4.3 using HFSS to get an initial idea of its S-parameters. The circuit’s reflection, or
S11, and transmission, or Sy, are plotted in Fig. 4.4. These early results are encouraging because
it is clear that the reflection is at or below 20 dB down across most of the band (from about
30 GHz — 40 GHz).? The reflection only exceeds this level in the band’s lower portion, i.e., from
26.5 GHz — ~30 GHz).

The transmission, or S,;, exhibits great performance, as well. So; is greater than —3 dB

from about 27 GHz upward. In other words, more than half the signal is transmitted through the

3The —20 dB mark was chosen as the initial maximum threshold S;; should not exceed for the majority of the
band due to results presented in [17] and [29] for a similar structure.
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Figure 4.3: Preliminary Ka-band vacuum space SWG model based on designs presented
in [17] and [29].

Preliminary Ka-Band SWG Circuit Dimensions

SWG Circuit Parameter Value (Customary) Value (Metric)
P 71.00 mil 1.8034 mm
D 48.00 mil 1.2192 mm

Table 4.1: Select dimensions for the preliminary Ka-band SWG vacuum space
model. There are N = 21.5 periods in the model.
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S-Parameters vs. Frequency: Original Circuit
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Figure 4.4: HFSS simulation results for the reflection and transmission
S-parameters for the preliminary Ka-band vacuum space model.

device for frequencies above 27 GHz. It is also important to note the standing wave, exhibited by
the periodic-like nature in Sy1, is fairly uniform across the band; there are no abrupt disturbances
visible thus indicating a well-behaved structure.

Many of the Ka-band dimensions and misalignments are expressed in the customary unit
“mil,” or one one-thousandth (!/1000) of an inch. The original Ka-band CAD model was created
using customary units, hence these units carried over to later models. Table 4.2 serves as a
reference chart reflecting common customary values used throughout this thesis and provides

their metric equivalent.

4.4 Tapers with a Matching Section

The preliminary SWG vacuum space design presented in Sec. 4.3 shows promising results,

but it is not yet suitable for fabrication; its broadwall, W, and its straight section narrow wall, G,
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Quick Conversions

Value (Customary) Value (Metric)

1 mil 0.0254 mm
2.2 mil 0.0559 mm
S mil 0.1270 mm
7.5 mil 0.1905 mm
10 mil 0.2540 mm
15 mil 0.3810 mm
20 mil 0.5080 mm

Table 4.2: Reference chart for converting common values used in this thesis
from their customary value to their metric equivalent. Recall 1 mil = 0.001 in.

do not adhere to the WR-28 standard rectangular waveguide size for Ka-band. The dimensions
for the WR-28 are listed in Table 4.3. As is, the SWG would not be able to connect to other
equipment due to its customized dimensions and for this reason, it is necessary to add transitions
from the SWG size to the standard WR-28 size. These transition sections are referred to as
“tapers’ herein.

Adding tapers presents a new challenge in the circuit design; such an addition could
introduce a mismatch between the SWG and the WR-28 causing additional, undesired reflections.
A single-section impedance transformer in the form of a step transition (shown in Fig. 4.5) can
be added at the SWG/taper boundary to minimize such reflections. The taper design also reduces
unwanted reflections by taking an discrete number of matching sections and shortening their
length to an infinitesimally small values, thus creating a continuous taper [14]. More information
about single-section transformers, multi-section transformers, and tapered lines can be found in
Chapter 5 of [14]. The complicated nature of these calculations makes this optimization effort

ideal for CEM codes. In the case of this structure, the design was optimized in FEM code Analyst
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WR-28 Dimensions

Operating Frequency Broadwall, a (in. [mm]) Narrow Wall, b (in. [mm])

26.5 GHz - 40 GHz 0.28 [7.112] 0.14 [3.556]

Table 4.3: Dimensions for the WR-28, or the standard waveguide size for Ka-band. “WR” stands for
“rectangular waveguide” and the number following it is the waveguide’s broadwall dimension in mil,
divided by 10 [30]. In this case, the broadwall dimension is 280 mil, hence the designation “WR-28.”
Most rectangular waveguides are designed such that a ~ 2b.

G I b taper

Side view of step transformer

Figure 4.5: Ka-band vacuum space circuit with added right angle step impedance transformer and
tapers to the WR-28 standard waveguide size.

Ka-Band SWG Step Transformer and Taper Dimensions

SWG Circuit Parameter Value (Customary) Value (Metric)
braper 39.50 mil 1.0033 mm
Transformer distance from beam tunnel (|dx|) 55.00 mil 1.3970 mm
Taper length 1.2205 in 31.00 mm

Table 4.4: Step transition and taper length dimensions for the Ka-band vacuum space model depicted
in Fig. 4.5. The taper length is defined as the distance from the step transformer to the taper’s end
where its dimensions match those of a WR-28. The remaining circuit parameters are identical to
those listed in Table 4.1.
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0~ S-Parameters vs. Frequency: Right Angle Matching Section
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Figure 4.6: HFSS simulation results for the reflection and transmission
S-parameters for the Ka-band vacuum space model with a right angle step
transformer and tapers to the WR-28 standard waveguide size.

by Cadence. Other than the addition of the step transformer and the tapers, the SWG circuit
dimensions remain unchanged from those listed in Table 4.1. The HFSS simulation results for
the structure depicted in Fig. 4.5 are shown in Fig. 4.6.

Fig. 4.6 confirms adding the impedance transformer and the tapers to the WR-28 improved
(i.e., reduced) the circuit reflection, or S;;. The frequency at which the reflected signal drops
below —20 dB has shifted from about 30 GHz in the original structure to about 27 GHz in the
structure with the step transformer. Above 27 GHz, the maximum reflection observed is about
—24 dB and some standing wave peaks are seen to be as low as —35 dB. This is a significant
improvement from the original Ka-band structure without the transformer or tapers where the

minimum standing wave peak was observed to be approximately —21 dB.
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The microwave signal transmission through the device with the step transformers and tapers
is almost identical to the original structure’s transmission also indicating a good match. No

degradation in So; was observed by adding the transformers or tapers.

4.5 Circuit Matching with a Fillet

4.5.1 Replacing the Right Angle Step Transformer

It has become evident introducing an impedance matching transformer along with
optimized tapers improves the Ka-band circuit’s S;; performance. Fabricating a right angle step
transition at the Ka-band’s small size is impractical, however; an end mill with an extremely small
radius is required to make such a cut. This cut is not impossible, but the end mill’s aspect ratio
would be quite high and as discussed in Sec. 2.4.2, this is undesirable. The high aspect ratio could
also result in extraneous fabrication imperfections, which should also be avoided because the RF
signal in the mm-wave regime is sensitive to imperfections on the same order of magnitude as
it’s wavelength. Machining a more precise right angle would take significant amount of time and
increase cost compared to an alternative geometry selection, as well.

One plausible method to avoid the problems discussed in the previous paragraph is to
potentially replace the right angle step transition with a more smooth transition such as an arc
segment from a circle with a larger radius (such a surface will be referred to as a “fillet”). This is
depicted in Fig. 4.7. Introducing the fillet allows an end mill with a larger radius to be used thus
ensuring more accurate and reliable fabrication. While the fillet may solve manufacturing woes,

it is imperative to confirm its addition does not degrade the SWG’s RF performance.
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Figure 4.7: Side view of the SWG structure with a smooth fillet of radius 7
located a distance |dx| away from the beam tunnel axis (z-axis) replacing the
right angle step transition. Note that in this coordinate system, dz < 0.

Preventing an increase in S;; and a decrease in S9; while maintaining fabrication integrity is
the primary goal of adding a fillet to the SWG circuit. Replacing the right angle step transformer
with a fillet immediately gives rise to the question of the fillet’s location. The fillet’s curved
surface has finite length in 2 unlike the step transformer. For this reason, we can hypothesize

there are three fillet positions of interest. They are:

1. The original location of the right angle step transition, i.e., the fillet arc’s midpoint is
located in the same position as the original step. The absolute location is represented by
the expression © = dx. This location will be referred to as the “original match location”

herein.

2. In front of the original step transition’s position by a distance of the fillet radius, 7y = R,
divided by 2. In other words, the fillet is moved towards the beam tunnel’s axis (the

+2-direction) in Fig. 4.7 by a distance of %/2 so that the boundary where the fillet’s upper
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point meets the taper with narrow wall dimension, by, is located where the original
step transition was positioned. The absolute location is represented by the expression
x = dx + B/2 (note the plus sign because the transformer’s original position is dz < 0).

This displacement will be referred to as “towards the beam tunnel” herein.

3. Behind the original step transition’s position by a distance of the fillet radius, 7y = R,
divided by 2. In other words, the fillet is moved away from the beam tunnel’s axis
(the —Z-direction) in Fig. 4.7 by a distance of /2 so that the boundary where the fillet’s
lower point meets the SWG with narrow wall dimension, G, is located where the original
step transition was positioned. The absolute location is represented by the expression
x = dz — B/2 (note the minus sign because the transformer’s original position is dz < 0).

This displacement will be referred to as “away from the beam tunnel” herein.

It is most logical to start with a small fillet to closely emulate a right angle and to ensure
a good match is preserved with a fillet. Thus, we pick the initial fillet radius R = 2.2 mil and
simulate the device’s RF response when the fillet is located at the three positions listed above.
The HFSS simulations for these three geometries are depicted in Fig. 4.8a and Fig. 4.8b.

It is clear from the results shown in Fig. 4.8a and Fig. 4.8b there is no significant deviation
in S1; or Sy for the geometry including the fillet with radius R = 2.2 mils from the right angle
transformer geometry. In fact, it is hard to discern the different traces in many areas.

In terms of the reflection magnitude, the largest observed change in Fig. 4.8a is only a
~2 dB increase at 39.5 GHz, which is negligible at levels below 30 dB down. The standing
wave in the same figure is also largely preserved across all three fillet locations, except for the

one case where the fillet is moved towards the beam tunnel (the red trace in Fig. 4.8a) in the
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Fillet Radii and Location Summary

Fillet Radius, R Location, x

10 mil dx
dx + B2
dx — B/

15 mil dz
dx + /2
dx — B/

20 mil dz
dx + /2
de — B2

Table 4.5: Summary of the fillet radii and their locations used in HFSS
simulations

frequency range 36.5 GHz — 37.5 GHz. Here, there is a slight interruption in the standing wave’s
periodicity, but it it quickly regains its periodic nature at ~37.5 GHz.

The So; results also closely adhere to the step transformer case for all three fillet positions.
There are only two small deviations from the curve at ~30 GHz and ~37 GHz, each with a
magnitude less than 0.05 dB, which is negligible.

It is safe to conclude replacing the right angle step transformer with a smooth fillet does not
cause a deterioration in the microwave signal based on these results. The next step is to increase

the fillet radius to lower the end mill’s aspect ratio.

4.5.2 Increasing the Fillet Radius

Three fillet radii were chosen in accordance with corresponding end mill sizes that would

lower the aspect ratio and provide more manufacturing precision. Each fillet radius was also
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Figure 4.8: HFSS S1; and S»; simulation results for R = 2.2 mil fillet located at the original match
location, i.e., x = dx (blue trace); moved towards the beam tunnel, i.e., z = dz + /2 (red trace);
and moved away from the beam tunnel, i.e., x = dz — /2 (green trace), compared to the right angle
transformer response.
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Figure 4.9: HFSS S;; and S,; simulation results for the three geometries with fillets exhibiting
the lowest reflection and the highest transmission. These geometries include the fillets R = 10 mil
located at x = dx (blue trace), R = 15 mil located at © = dx — /2 (red trace), and R = 20 mil
located at x = dx (green trace).
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tested at the three possible locations outlined in Sec. 4.5.1 for a total of nine simulations. These
radii and their positions are summarized in Table 4.5. All nine geometries were then simulated
in HESS and the three exhibiting the best S;; and So; responses are shown in Fig. 4.9.

Given the simulation results presented in Fig. 4.9, it was decided to select the fillet with
radius R = 15 mil positioned a distance x = dz — £/2 (the red trace) from the beam tunnel axis.
This fillet geometry exhibited the lowest reflections for a significant portion of the band from
~28 GHz — ~33 GHz. Though it did have reflections up to about 6 dB higher than the other
fillet responses between ~37 GHz — ~40 GHz, its local maximum above 28 GHz is —23 dB
at ~35 GHz, which is still below the —20 dB threshold. The R = 15 mil fillet radius also
corresponds to a reasonable end mill size with an appropriate aspect ratio whereas the R = 20 mil
radius end mill may be too large for other circuit features. Thus, the fillet with radius £ = 15 mil

located a distance © = dx — £/2 from the beam tunnel was chosen to be investigated further.

4.6 Additional Circuit Geometry Adjustments

Additional adjustments were made to the the SWG CAD model with the R = 15 mil
radius located a distance © = dx — £/2 from the beam tunnel to see if any additional reduction in
reflection could be achieved. The minor adjustments made were also simulated in HFSS, but it
was concluded that none of them made a significant impact on the circuit’s S1; or So;. Most of
these adjustments either increased the reflection or degraded the standing wave’s periodicity in

the cases where S;; was reduced.

54



/ / N\
/ \
/ \

- 1 - f \
| a— N
a

Side view of fillet f \

\ /N

Figure 4.10: Final Ka-band vacuum space model with NV = 21.5 periods and added fillet with radius
R = 15 mil located a distance = = dx — E/2 from the beam tunnel and with tapers from the SWG
size to the standard WR-28 size for Ka-band frequencies.

Final Ka-Band SWG Dimensions

SWG Circuit Parameter Value (Customary) Value (Metric)

P 71.00 mil 1.8034 mm
D 48.00 mil 1.2192 mm
R 15.00 mil 0.3810 mm
x 62.50 mil 1.5875 mm
l 3.9690 in 10.813 cm

Table 4.6: Select dimensions for the final Ka-band vacuum space model (with
N = 21.5 periods) depicted in Fig. 4.10. The total circuit length, including the
beam tunnel, is given by [.

55



B Final Ka-Band Circuit Geometry S-Parameters
V— s

10 F Sy1

_30 L
-40

-50 -

S-Parameters [dB]

-60

70 . . . . . . )
26 28 30 32 34 36 38 40

Frequency [GHz]

Figure 4.11: HFSS simulation results for the reflection and transmission
S-parameters for the final Ka-band vacuum space model depicted in Fig. 4.10.

The S, response of the additional adjustments also adhered closely to the trace for
the R = 15 mil fillet located a distance x = dz — £/2 from the beam tunnel (the red trace) in
Fig. 4.9b. HFSS simulation results for the aforementioned adjustments are given in Appendix B.
Overall, the fillet with radius R = 15 mil located a distance = dz — /2 from the beam tunnel
exhibited a rough average between the changed parameters, so it was elected to remain with such

a geometry and not include any of the additional geometry changes.
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4.7  Final Optimized Circuit Geometry Selection

The final optimized SWG geometry to be used for the misalignment studies and thus,
to be fabricated, is the geometry including the fillet with radius £ = 15 mil located a distance
x = dx — £/2 from the beam tunnel and including the tapers from the SWG size to the standard
WR-28 waveguide size for Ka-band frequencies. The final CAD model is shown in Fig. 4.10
and the circuit parameters are given in Table 4.6. The simulated S-parameters for this circuit are
given in Fig. 4.11.

Notice how in Fig. 4.11 the maximum reflection throughout most of Ka-band is ~25 dB
down with only a few frequencies reaching —23 dB. Given this simulation result, we instate a

—25 dB maximum reflection threshold herein as a design goal for the Ka-band circuit.

57



Chapter 5: Misaligned Ka-Band Circuit Modeling

5.1 Overview

It is now possible to begin characterizing the effects misalignments in the Ka-band circuit
have on the RF component of the circuit using HFSS. This chapter describes the 1D and 2D
misalignment definitions, the model verification in HFSS, and the resulting electromagnetic

effects due to circuit misalignments.

5.2 Defining Misalignments

The misalignments studied are those in the z-z plane, which we will define as the
circuit’s half-plane. It is in this plane that misalignments are most likely to arise given the
chosen circuit fabrication technique described in Sec. 2.4.2. Both 1D and 2D misalignments
are characterized and all misalignments are in reference to the circuit’s stationary lower half. The

2D misalignments can be further categorized into the two sub-groups defined below.

1. Shear misalignments: Simultaneous misalignments along both the z-axis and the z-axis.

An example of a (z, z) = (5,5) mil misalignment is shown in Fig. 5.1a.
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L.

(@ SWG vacuum space model with a (b) SWG vacuum space model with a ¢ = 0.5°
(x,2) = (5,5) mil 2D shear misalignment. rotational misalignment.

Figure 5.1: 2D SWG half-plane misalignment definitions.

2. Rotational misalignments: Misalignments defined by rotating the circuit’s top half about
the y-axis in the ngS—direction relative to the circuit’s lower half. Here, the y-axis is normal
to the z-z plane and located in the geometric center of the SWG. & > () is defined as the
clockwise direction in the z-z plane pointing from the x-axis to the z-axis. An example of

a c/g = 0.5° (clockwise) rotational misalignment is shown in Fig. 5.1b.

More information on creating the CAD models shown in Fig. 5.1a and Fig. 5.1b and the models’
S-parameter verification in HFSS is described in Appendix B.3.

The misalignment magnitudes in the following sections were chosen for study based
on numerous group members’ previous experiences with manufacturing similar RF devices at
similar sizes. Misalignments in strictly the Z-direction and the Z-direction are kept below 5 mil,
which would be an extreme case of manufacturing error. Based on discussions presented in
Ch. 2, it is unlikely misalignments with a magnitude of 5 mil would ever occur; however, it is
still beneficial to study the effects of large misalignments to better understand the device as well

as being able to create an acceptable tolerance for an operable device. Such a concept could prove
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Fillet

Figure 5.2: SWG vacuum space model with (z,z) = (5,5) mil misalignment
with the matching fillet and without tapers.

useful for potentially loosening manufacturing restrictions to lower the device’s cost or to better

understand the device’s operating limits in a rugged environment where it could be damaged.

5.3 One-Dimensional Misalignments

One-dimensional misalignments are chosen to be studied first in an attempt to gain an
understanding of the severity simple misalignments have on the device, if any at all. A detailed
discussion of full circuit’s scattering parameters are presented in Sec. 5.3.1 followed by further

discussion regarding dispersion curve simulations for a single period of the circuit in Sec. 5.3.2.

5.3.1 Scattering Parameters

In order to better understand the SWG circuit itself, the SWG circuit with the matching
fillet, but without the tapers to the WR-28 (see Fig. 5.2), were the first simulations performed.

The tapers were added back onto the circuit following completing the preliminary simulations.
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0 ‘S-Parameters vs. Frequency: Circuit With and Without Tapers
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Figure 5.3: S1; and So; responses for the SWG circuit (including the matching
fillets) with and without the tapers.

The simulated S-parameters for the SWG circuit (include the matching fillets) with and without
the tapers are given in Fig. 5.3.

For the 1D misalignment S-parameters depicted in Fig. 5.4, the (z,z) = (0,1) mil
misalignment more closely adheres to the shape of the aligned structure’s S;; curve whereas
the (z, z) = (1,0) mil misalignment deviates from the aligned structure’s response. In fact, there
are two local maxima in the (1,0) misalignment, each exceeding the aligned (or “base case”)
curve by ~6 dB at ~29 GHz and ~8 dB at ~30 GHz. Other than these two observations in
the 28 GHz — 30 GHz frequency range, the S;; curves observed in both 1 mil misalignments
closely resemble that of the base case with only three exceptions. At 35.5 GHz, 38.25 GHz, and
39.75 GHz, there are deviations in magnitude between 2 dB and 6 dB. It is also important to
note the S;; curve’s periodicity and the envelope shape is largely preserved in all three traces in

Fig. 5.4a except between 28 GHz — 30 GHz. In Fig. 5.4b, there is only a single deviation in the
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Figure 5.4: Reflection and transmission results for 1D, 1 mil misalignments in the SWG structure
with the matching fillet and without tapers.
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Figure 5.5: Reflection and transmission results for 1D, 1 mil misalignments in the SWG structure
with the matching fillet and tapers.
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Figure 5.6: Reflection and transmission results for 1D, 5 mil misalignments in the SWG structure
with the matching fillet and without tapers.
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Figure 5.7: Reflection and transmission results for 1D, 5 mil misalignments in the SWG structure
with the matching fillet and tapers.
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So1 response from the aligned structure. This is a ~0.1 dB increase in magnitude occurring at

30 GHz in the (0, 1) misalignment.

Adding the tapers back onto the SWG circuit and performing the same simulations for the
1D, 1 mil misalignments yields very different results than those when the tapers were removed.
This behavior is evident in Fig. 5.5. The S;; response for the (1,0) and (0, 1) misalignments
in Fig. 5.5a match almost identically to the aligned structure’s reflection in both magnitude and
standing wave periodicity; there is only a small 2 dB difference in magnitude at 30 GHz for the
(0, 1) misalignment. At ~33 GHz, however, the reflected signal’s standing wave period for the
(0, 1) misalignment increases greatly, from about 500 MHz to 2.5 GHz, contrary to the base case
and the (1,0) misalignment.

The transmitted signal in Fig. 5.5b also exhibits strange behavior. At ~35.5 GHz there
is a significant disturbance. The (0, 1) misalignment’s S,; amplitude dips suddenly from about
—0.6 dB to about —3.8 dB and then increases sharply to about 2.8 dB signaling there is some
amplification occurring (that is almost doubling the transmitted power in this case). A similar
phenomenon is observed at ~38 GHz, however to a lesser effect. Amplification of the RF signal
without the presence of an electron beam in a SWG is not expected, so we can attribute these
outliers in the data as HFSS numerical artifacts and thus, they can be ignored.

For the 1D, 5 mil misalignments in the SWG structure without the tapers, the S-parameters
shown in Fig. 5.6a display a more significant effect on S;; than in the 1D, 1 mil misalignment
case in Fig.5.4a. This behavior is expected. The most notable consequence of the 1D,
5 mil misalignment is the loss in the standing wave’s periodicity between ~31.5 GHz and

~32.5 GHz for the (x, z) = (5,0) mil misalignment and between ~30.5 GHz and ~32.5 GHz
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for the (0, 5) mil misalignment. In this same frequency range, the S;; magnitude for the (5, 0) mil
misalignment remains at approximately the aligned structure’s local maximum (~30 dB down)
whereas the magnitude for the for the (0,5) mil misalignment drops by up to 18 dB. In other
words, the (0,5) mil misalignment in the SWG structure without tapers actually reduces the
microwave signal’s reflection near 32 GHz.

The periodic nature of the reflected power for the (0, 5) mil misalignment is also observed
to experience a slight down shift in frequency, roughly 250 MHz, from the base case. The
(5,0) mil misalignment, on the other hand, exhibits a slight up shift in frequency, roughly
150 MHz, from the base case. Each of the three S;; curves’ periods are no longer in phase
with each other; this is an effect not observed in the 1 mil misalignments.

Contrary to the tapers significantly disrupting the periodicity of the (0, 1) mil misalignment
S curve in Fig. 5.5a, adding the tapers to the 1D, 5 mil misalignments restores the periodicity in
reflected wave. This can be seen in the transition from Fig. 5.6a to Fig. 5.7a. The reflected power
curves’ periodicity do not line up exactly, however.

The 5 mil misalignment with a lower reflection in the structure without the tapers
interchanges throughout Ka-band, as well. More specifically, from ~27 GHz to ~29 GHz, the
(5,0) mil misalignment has a lower reflection by up to ~10 dB, from ~29 GHz to ~34.5 GHz,
the (0,5) mil misalignment has a lower reflection by up to ~8 dB, and from ~34.5 GHz to
~40 GHz, the (5,0) mil misalignment has a lower reflection by up to ~12 dB.

Unlike the numerous disturbances seen in S;; in Fig. 5.6a and Fig. 5.7a, no significant
signal degradation or improvement is observed in the So; responses plotted in Fig. 5.6b and

Fig. 5.7b for the 1D, 5 mil misalignments.
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While concluding the discussion about the 1D misalignments, we can make one final
observation. The HFSS simulations for the 1 mil and 5 mil misalignments in both the z- and
z-directions in the SWG structure without tapers have a maximum reflection around —30 dB
for most of Ka-band. When the tapers are added, however, the maximum reflection for the
same misalignments increases by about 6 dB so that the new maximum reflection lies at about
—23 dB. This exceeds the desired —25 dB threshold goal set forth in Sec. 4.7, but only by 2 dB.
Considering the severity of the 1D misalignments studied in the is section, a 2 dB increase in
the microwave signal’s reflected power is quite remarkable. In terms of the signal’s transmitted

power, the only observed outliers are the numerical artifacts that can be ignored.

5.3.2 Dispersion Curves

The dispersion curves for the SWG structure are also important to simulate for the
same reasons outlined in Sec. 3.2. It is possible to carry out such simulations in HFSS using
the eigenmode solver and primary/secondary (formerly known as “master/slave”) boundary
conditions on a SWG single period like the one shown in Fig. 4.2. Additional information about
the RF signal’s behavior in the misaligned device can be extracted by simulating an aligned period
as well as 1D misaligned periods.

The information most pertinent to the misalignment studies are the lowest mode’s cutoff
frequency and the bandgap size in the SWG. Dispersion curves for the aligned structure are
depicted in Fig. 5.8. Note that because there are two beam tunnel gaps in the SWG full-cell
model (i.e., a single period), the dispersion curves have two periods across the 27 phase advance.

In other words, the SWG half-cell (i.e., half of the SWG single period) model’s dispersion curves
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Figure 5.8: Dispersion curves for the first two modes in an aligned single period of the Ka-band
SWG geometry obtained using the HFSS eigenmode solver. The SWG’s periodic nature is
confirmed by the periodic dispersion curves. A 20 kV beam line is added for reference. The
horizontal axis is marked in steps of 7/10.

are periodic in 7. From the aligned structure in Fig. 5.8, we can extract the cutoff frequency,
which is 26.6395 GHz. It is also evident the bandgap at 7 is 890.81 MHz wide occurring
between 43.6641 GHz and 44.5549 GHz with a center frequency of 44.1095 GHz. Data from
additional simulations performed for the 1D misalignments is summarized in Table 5.1. The
notation (z, z) = (0, 0) is representative of the aligned structure.

The 1D misalignments reduce the lowest mode’s cutoff frequency with increasing
misalignment magnitude as seen in Table 5.1. Looking more closely at the cutoff frequencies
reveals the 1D misalignments along the z-axis lower the cutoff frequency more than the 1D
misalignments along the z-axis. Though the cutoff frequencies do change, it is not by a significant
amount; in fact, the most significant deviation from the aligned structure’s lowest mode cutoff
frequency is only 119.40 MHz observed in the (0, 5) misalignment. Such a deviation is small,

and in many applications, negligible, at frequencies in Ka-band and above.
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1D Misalignment Eigenmode Simulation Data

1D Misalignment Lowest Mode Cutoff Frequency Bandgap Width at 7

(z, z) = (0, 0) 26.6395 GHz 890.81 MHz
(z, 2) = (1, 0) 26.6389 GHz 900.66 MHz
(z, z) = (0, 1) 26.6312 GHz 881.67 MHz
(z, 2) = (5, 0) 26.5470 GHz 1223.52 MHz
(z, 2) = (0, 5) 26.5201 GHz 854.52 MHz

Table 5.1: Simulated TE;q cutoff frequencies and bandgap sizes for 1D misalignments.

It is also evident from Table 5.1 the (5,0) misalignment has the largest bandgap
(1223.52 MHz) that is 332.71 MHz larger than the aligned structure’s bandgap. This is a fairly
large bandwidth where no modes can propagate, even at Ka-band. More interestingly, however,
both 1D misalignments along the x-axis have larger bandgaps than the aligned structure’s
bandgap whereas both 1D misalignments in along the z-axis have bandgaps that are smaller than
the aligned structure’s bandgap. In both cases, as the misalignment becomes more severe, the
farther the bandgap deviates from the aligned structure’s bandgap. Each misalignment bandgap’s
upper and lower cutoff frequencies do not deviate from the aligned structures by more than
300 MHz, however.

In terms of the dispersion curves’ shapes, there were no significant changes for the
misaligned geometries’ dispersion curves. The only noticeable differences were the slight
smoothing of the knees occurring at the phases 37/10, 77 /10, 137 /10, and 177 /10 in the “Mode 2”
trace for the (5, 0) misalignment.

Finally, it is important to note the periodic TE;y mode intersects itself at 7/2 and 37/2. At
these points, one wave with v, > 0 intersects another with v, < 0 causing forward and backward

waves to possibly couple to one another [31]. This phenomenon could cause instabilities in
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the device and hinder the TWT’s performance. The intersection at 37/2 is of particular interest
because it occurs in the first Brillouin zone. Instabilities in the Brillouin zone could impact
the device more severely because the first Brillouin zone is where the beam-wave interaction
typically occurs for a SWG TWT. In the “cold” simulations (i.e., simulations without an electron
beam present) presented in Sec. 5.3.1, we can see the disruption in the reflected wave in Fig. 5.6a
at 32 GHz, which is the frequency corresponding to the mode crossing at the 37/2 point. More

details regarding the effect instabilities at the 37/2 point have on TWT gain are described in [31].

5.4 Two-Dimensional Misalignments

Two-dimensional misalignments may also arise as a result of SWG circuit’s fabrication
technique. Mitigating such misalignments is one of the principle goals of this study, but they
may still be present in the final circuit. A discussion about and HFSS simulations for the 2D

misalignments introduced in Sec. 5.2 are presented in the following two sections.

5.4.1 Shear Misalignments

The first type of 2D misalignment is the shear misalignment; it has been previously defined
in Sec. 5.2. As was done for the 1D misalignments, the first simulations performed for the shear
misalignments included the matching fillet without the tapers to the WR-28 to better characterize
the SWG circuit itself. The tapers were then added back onto the circuit for the second
round of simulations. Symmetrical shear misalignments with magnitude (z,z) = (1, 1) mil,
(x,2) =(2,2) mil, (z,z) = (3,3) mil, (z,2) = (4,4) mil, and (z, z) = (5,5) mil are chosen to

be simulated in order to reduce the total number of runs by avoiding simulating each possible
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Figure 5.9: Reflection and transmission results for symmetrical shear misalignments ranging from
1 mil to 5 mil in the SWG structure with the matching fillet and without tapers.
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Figure 5.10: Reflection and transmission results for symmetrical shear misalignments ranging from
1 mil to 5 mil in the SWG structure with the matching fillet and tapers.
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matching fillet and without tapers. The horizontal axis is marked in terms of symmetrical shear
misalignment, i.e., “1” on the horizontal axis corresponds to the (1, 1) misalignment.
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shear combination while still being able to efficiently characterize the effects on the microwave

signal. The resulting S-parameters are shown in Fig. 5.9 and Fig. 5.10.

The cold simulations in Fig. 5.9 for shear misalignments in the SWG with no tapers reveal
a pronounced reflected power level occurring at 32 GHz and consequently, a reduction in the
transmitted power at the same frequency. Recall this is the frequency at which the 37 /2 point is
located. We can see the 2D shear misalignments’ S-parameters have concentrated instabilities
around 32 GHz as well as a deterministic increase in reflection and decrease in transmission
unlike the 1D misalignments that behaved in a more unpredictable nature.

It can be observed in Fig. 5.9a that the (5,5) misalignment has a —8 dB reflection near
32 GHz whereas the aligned structure has a —30 dB reflection near the same frequency. This
22 dB increase in the reflected power level is significant. The high reflected power around 32 GHz
translates to a decrease in the transmitted power as seen in Fig. 5.9b. The So; local minimum for
the (5, 5) shear misalignment drops by 0.85 dB from —0.55 dB to —1.4 dB near 32 GHz. Though
this is not as a drastic as the 22 dB change in S;;, the 0.85 dB drop in transmitted power is still a
significant outlier in the S, trace signifying a disruption in the RF signal.

Further investigation into the deviations observed in S;; and So; (or AS;; and ASs)
near 32 GHz for the SWG with no tapers reveals a nonlinear increase in both the reflected
and transmitted signals as shown in Fig. 5.11. In the case of S;;, the increase in magnitude is
similar to a curve proportional to a square-rooted term whereas in the case of So;, the decrease
in magnitude is quadratic. The changes in frequency (or A f) at which the local maxima (for
S11) occur appear to also be quadratic, but the local minima (for S9;) are not as well defined by a

three-term, quadratic polynomial, though the change is still nonlinear.
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Shear Misalignment Eigenmode Simulation Data

2D Misalignment Simulated TE;o Cutoff Frequency Simulated bandgap Width at 7

(z, z) = (0, 0) 26.6395 GHz 890.81 MHz
(z, z) = (1, 1) 26.6292 GHz 903.68 MHz
(z, 2) = (2, 2) 26.6041 GHz 934.58 MHz
(z, z) = (3, 3) 26.5607 GHz 995.83 MHz
(z, 2) = (4, 4) 26.5118 GHz 1062.22 MHz
(z, z) = (5, 5) 26.4480 GHz 1155.11 MHz
(z, z) = (1, 5) 26.5173 GHz 863.01 MHz
(z, 2) = (5, 1) 26.5418 GHz 1214.25 MHz

Table 5.2: Simulated lower-mode cutoff frequencies and bandgap sizes for 2D shear misalignments.

Adding the tapers back to the SWG structure raises the S;; magnitude’s envelope as can
be observed in Fig. 5.10a. Such behavior is expected considering similar trends are seen in
Fig. 5.3. The dramatic increases in the S1; magnitude at 32 GHz are again present. The (5,5) mil
misalignment again exhibits the maximum reflected power near 32 GHz with a level of —8 dB,
which is the same as the maximum reflected power at the 37/2 point for (5,5) misalignment in
the SWG without the tapers. Numerical artifacts are again present in Fig. 5.10b for the (4, 4) mil
misalignment, but it is possible to ignore them for reasons discussed previously.

The ASy; and Af curve shapes for the SWG with tapers are nearly identical to those for
the SWG without tapers; they only differ in magnitude. For the circuit with the tapers, the AS};
curve shifts downwards by about 10% and the A f curve shifts upwards by approximately 3%. A
more drastic change is noticeable for the SWG with tapers’ So; A f curve. Unlike its counterpart
in the device without tapers that has a generally nonlinear, increasing trend, Af in Fig. 5.10b

decreases with increasing misalignment. This curve resembles a decreasing quadratic function.
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for Shear Misalignments

26.650 11080
@-~~__ T Cutoff frequency trendline s
\“\\. ------ Bandgap trendline #1060
26.625 - y
441040
— = 2 \\\ 5
N s6.000 | y = (-0.01)x% + (-0.01)x + (26.64) e 1 1020
o AN Pt ~
3 {1000 T
2 e W =]
5] gt ~
2 26.575 N 1980
i o
0 5 AN S
I = .. | 2
x N %0 &
£ 26.550 | 1940
O /’6 \\
Bt a20
26.525 __-77 y=(9.68)x% + (4.70)x + (889.90) S
o E i 3900
o----"
26.500 L L L 880
0 1 2 3 4

Symmetrical Shear Misalignment [mil]

Figure 5.13: Cutoff frequency and bandgap variations for symmetrical shear
misalignments with best-fit curves (dashed traces). The horizontal axis denotes
each symmetrical misalignment, i.e., O represents (x, z) = (0,0) (the aligned
case), 1 represents the (z, z) = (1, 1) symmetrical misalignment, and so forth.

Eigenmode simulations for shear misalignments were also performed to investigate if there
are any changes in the misaligned structure’s frequency or bandgap size. The dispersion curves
for the shear misalignments take a very similar shape as those in Fig. 5.8, however, the SWG’s
cutoff frequencies and bandgaps do change in the misaligned circuit. A concise summary of these
changes is presented in Table 5.2.

It is evident that as the symmetrical misalignments grow more severe, the cutoff frequency
decreases and the bandgap at 7 increases. These trends are depicted graphically in Fig. 5.13. The
observed behavior shows the cutoff frequency decreases quadratically and the bandgap increases
quadratically. Recall the changes in S1; magnitude for shear misalignments discussed previously

also varied nonlinearly.
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5.4.2 Rotational Misalignments

The second type of 2D misalignment studied is the rotational misalignment, which has been
previously defined in Sec. 5.2. Clockwise rotational misalignments with magnitudes ¢ = 0.1°,
¢ =0.2° ¢ =0.3° ¢ = 0.4°, and ¢ = 0.5° are chosen to be simulated. These values are selected
based on the fact that a 0.5° rotation corresponds to a 17.32 mil displacement in 2 at the end of
the beam tunnel, which is less than the 24.00 mil beam tunnel radius. As with the (5, 5) mil shear
misalignment, the 0.5° rotational misalignment is an extreme case, but it is still beneficial to study
the consequences such a displacement has on the RF signal for the same reasons discussed earlier
in the text.

Contrary to the shear misalignments, there are no extrema at 32 GHz, nor anywhere else
in the band for the rotational misalignments in both the circuit without tapers and the circuit
with tapers. The magnitude of S;; in Fig. 5.14a and in Fig. 5.15a does increase with increasing
rotational misalignment; however, this increase is relatively flat across the entire Ka-band for
all rotational misalignment displacements. The So; response for the rotational misalignments
also differs from the shear misalignments. There are no concentrated minima near 32 GHz,
but instead, a standing wave is present throughout the entire band as seen in Fig. 5.14b and in
Fig. 5.15b. The standing wave’s magnitude becomes more severe with increasing frequency. At

39.5 GHz, the ¢ = 0.5° standing wave oscillates between —0.5 dB and —0.7 dB.
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S11 for 2D Rotational Misalignments: Fillet, No Tapers
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Figure 5.14: Reflection and transmission results for clockwise rotational misalignments ranging from
0.1° to 0.5° in the SWG structure with the matching fillet and without tapers. Note that a 0.5°
rotational misalignment corresponds to a 17.32 mil = 0.4399 mm displacement at the end of the beam
tunnel (the beam tunnel’s radius is 24.00 mil = 0.6096 mm).
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Figure 5.15: Reflection and transmission results for clockwise rotational misalignments ranging from
0.1° to 0.5° in the SWG structure with the matching fillet and tapers. Note that a 0.5° rotational
misalignment corresponds to a 17.32 mil = 0.44 mm displacement at the end of the beam tunnel (the

beam tunnel’s radius is 24 mil = 0.6096 mm).
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Figure 5.16: Characteristic changes in the reflected signal’s local maximum near 32 GHz as well
as how far each misalignment’s local maximum center frequency deviates from the frequency at
which the local maximum occurring closest to 32 GHz in the aligned structure resides for rotational
misalignments ranging from qu 0.1° to ¢A>: 0.5°. The horizontal axis is marked in terms of
rotational misalignment, i.e., “0.1” on the horizontal axis corresponds to the $=0.1° misalignment.

Though no extrema are present at 32 GHz, it is still beneficial to further inspect the change
in S;; magnitude of the local maximum near 32 GHz and by how much the the maximum’s
center frequency deviates from the aligned circuit’s local maximum near the same frequency. It
is evident from Fig. 5.16a and Fig. 5.16b the increase in S;; magnitude is quadratic. Recall for
the shear misalignments, the increase in S1; goes like a square root.

The change in frequency observed for rotational alignment in the SWG without tapers
has a general decreasing trend whereas shear misalignments in the same structure has an
increasing frequency shift magnitude. The SWG with tapers exhibits a decrease in frequency

shift magnitude for both shear and rotational misalignments, however.
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5.5 Chapter Summary

In this chapter, various 1D and 2D misalignments were simulated using HFSS and
characterized using S-parameters, cutoff frequencies, and bandgaps as figures of merit. The
2D shear misalignments caused profound signal degradation isolated at 32 GHz whereas the 2D
rotational misalignments affected the entire band. In both cases, the S-parameter responses were

nonlinear.
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Chapter 6: Ka-Band Circuit Cold Tests

6.1 Overview

Detailed simulations characterizing the S-parameters and dispersion curves in a misaligned
Ka-band SWG structure have been presented. Computer simulations can only go so far, however.
The precision alignment techniques discussed in Ch. 2 must now be put into practice to determine
if any misalignments are present in the fabricated circuit. More importantly, the residual

misalignment effects on the laboratory-measured RF signal must be determined.

6.2 Fabricated Circuit Block

The reasons behind the choice to manufacture the Ka-band circuit block have already been
discussed in detail in previous sections. Here, the CAD model for the fabrication circuit is
presented in Fig. 6.1. Two blocks compose the full circuit that is aligned using alignment pins and
the elastic averaging technique. In this project’s first phase, the EA and QKC precision alignment
techniques were tested for alignment accuracy and repeatability. The EA technique was selected
over QKC for the SWG structure because its alignment was accurate to within 1.4 gm and it also

allows for multi-layer structures.
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SWG circuit .

upper half \

Braze alloy

; \ SWG circuit
\ lower half

Weld flange

Figure 6.1: Exploded view of the fabricated Ka-band SWG circuit block. Adapted from [6].

Two circuit blocks were fabricated. The first to be made did not include the brazing alloy
shown in Fig. 6.1. We will call this circuit the “unbrazed” circuit. Forgoing the brazing alloy in
the first circuit manufactured was done in an attempt to better measure the EA precision as well
as the device’s S-parameters. The brazing process includes heating the circuit to temperatures
at and above 500°C to melt the alloy. Thus, it is possible for the alloy to leak into the SWG
itself thereby causing disturbances in the RF signal. It is for this reason the brazing alloy was not
included in the first circuit manufactured.

The second fabricated circuit did include the brazing alloy between the two circuit block
halves. We will call this circuit the “brazed” circuit. Brazing is necessary for TWT operation in
order to ensure good conductivity between the two circuit halves as well as to preserve vacuum in
the device. The SWG must be under vacuum to minimize collisions between the electron beam

and other particles when the device is operating as a TWT amplifier. In this case, the electron gun
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(a) Top and bottom halves of the fabricated
Ka-band SWG circuit block before the halves
are fastened together using the elastic averaging
precision alignment technique.

(b) Fully assembled Ka-band SWG circuit block.

Figure 6.2: Fabricated Ka-band SWG circuit block.  The circuit is 3.9690 in.
(100.8126 mm) long and 2.3000 in. (58.4200 mm) wide. Adapted from [6].
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Figure 6.3: The Agilent R11644A waveguide calibration kit for a vector network analyzer.
The top left inset depicts the waveguide short (left) and the A/4 line (center). The top right
inset depicts the R281B 2.4 mm coaxial line to WR-28 adapter. A quarter is included in
both insets to provide a size reference.

is affixed to the weld flange shown in Fig. 6.1 and a collector would be attached to the opposite

end of the circuit. Images of the fabricated circuit are illustrated in Fig. 6.2a and Fig. 6.2b.

6.3 Test Equipment Calibration

The S-parameter cold test measurements for both the unbrazed and brazed circuit were
performed at IREAP using the Agilent Technologies E8361C performance network analyzer
(PNA)* with a 10 MHz — 67 GHz bandwidth. When the W-band circuit is manufactured, the
VNA can be upgraded to include W-band frequencies and above using VNA frequency extenders
such as those made by Virginia Diodes, Inc.

VNA calibration prior to the cold tests was performed using the Agilent R11644A WR-28

waveguide calibration kit. The kit’s bandwidth is that of Ka-band (26.5 GHz — 40 GHz) and

“Please note the PNA name designation is simply a proprietary product line of Agilent vector network analyzers
(VNA). This device will be referred to as a VNA herein.
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its contents are shown in Fig. 6.3. The R281B 2.4 mm coaxial line to waveguide adapter
(depicted in the top right inset in Fig. 6.3) must be included in the calibration because the VNA
ports are coaxial. The calibration for the VNA was performed using the thru, reflect, and line
(TRL) standards which are often more accurate than its short, open, load, and thru (SOLT)
standards counterpart (this is mainly because TRL standards have more simple definitions and
the hardware is easier to fabricate as opposed to SOLT standards, which often times include a

sliding waveguide load) [32].

6.4 Unbrazed Circuit

Cold test measurements for the unbrazed circuit were performed first. The following
section details the measurement results. Additional information regarding the misalignment
quality control measurements for the fabricated, unbrazed circuit can be found in [6] and [33]. A
summary of the findings is outlined in Table 6.1. The fabricated, unbrazed circuit discussed in

these references is the exact circuit cold tested in the following sections.

6.4.1 WR-28 Flange Adapters

Waveguide flanges (the method used to fasten waveguides together) typically come in one
of two variants: a square flange or a circular flange. For frequencies below Ka-band, square
flanges are more commonly used; for frequencies at and above Ka-band, however, circular flanges
are typically standard. It is for this reason the unbrazed Ka-band circuit block was fabricated with
waveguide alignment pin and screw holes for a circular flange. The circular flange design was

not known by the UMD team until the already fabricated, unbrazed circuit arrived at IREAP. The

83



R281B coaxial line to waveguide adapters necessary for VNA calibration and the cold tests have
square flanges, however. This incompatible waveguide flange problem was solved by adding a
1 in. WR-28 standard section with a square flange on one end and a circular flange on the opposite
end between the R281B and the SWG circuit block. We will call these standard sections “flange
adapters;” they are visible in the bottom left inset in Fig. 6.4a.

The flange adapter addition presents a challenge for the cold tests. Because one end of
the adapters has a circular flange, the TRL component standards for the VNA calibration are not
able to fasten to the adapters. Consequently, the flange adapters are outside the calibration plane,
which is undesirable. In other words, any reflections, loss, or dispersion that occurs in the flange
adapters (which is generally low for short, straight waveguide sections) will be characterized as
a part of the SWG circuit’s response thus reducing the SWG circuit S-parameter characterization
accuracy. The given contract time restraints prohibited the group from addressing this problem in
the unbrazed Ka-band circuit, however, it was resolved in the brazed circuit. Further discussion
about this resolution will be presented in Sec. 6.5. For now, all unbrazed circuit cold tests include

the 1 in. WR-28 standard section flange adapters.

6.4.2 Unbrazed Circuit Cold Tests

Three cold tests for the unbrazed circuit block were performed. The first test’s setup
included testing the unbrazed, “unclamped” circuit block. This setup is depicted in Fig. 6.4a.

Clamps were added in the subsequent cold tests to determine if added pressure on the
blocks could make up for the lack of brazing material. The first cold test performed with

the clamps included one clamp positioned in the circuit block’s center (see Fig. 6.4b) and the
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(a) Unbrazed, unclamped circuit cold test. The
WR-28 flange adapters are shown in the inset at
the bottom left of the image.

(b) Unbrazed circuit with a single (c) Unbrazed circuit with a two clamps. Each
clamp positioned at the circuit block’s clamp is positioned adjacent to the WR-28 ports
center. on either side of the circuit block.

Figure 6.4: Laboratory setup for the unbrazed Ka-band circuit block cold tests performed at IREAP.
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Figure 6.5: Unbrazed Ka-band circuit cold test results. The three tests performed included the
unclamped circuit block measurement, a measurement where a single clamp was positioned in the
circuit block’s center, and a measurement where two clamps were each positioned adjacent to the
WR-28 ports on either side of the circuit block.

second, clamped cold test included two clamps, each of which were positioned adjacent to the
two waveguide ports (see Fig. 6.4c). In the cold tests consisting of the clamped structure, we were
looking to identify any reduction in reflected power or increase in transmitted power compared to
the unclamped device. The unbrazed circuit’s cold test measurements are presented in Fig. 6.5.

The resulting cold test S-parameters for the unbrazed circuit shown in Fig. 6.5 are quite
remarkable. It is evident in Fig. 6.5a the reflected power in the unclamped, single-clamped, and
double-clamped structures is nearly identical. Only small deviations less than 2 dB in magnitude
are visible between 38.5 GHz and 39.5 GHz in the S;; response. At levels below 20 dB down,
these deviations are negligible. The reflected power’s standing wave periodicity is also identical.
For the transmitted power in Fig. 6.5b, no discrepancies between the three structures is visible
above cutoff.

The cold test laboratory measurements also agree quite well with the SWG circuit simulated

in HFSS presented in previous chapters. In fact, if we compare the reflected power response in
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Fig. 6.5a with the simulated SWG with tapers (the solid red trace) in Fig. 5.3, we can also see
very good agreement. Above cutoff, the maximum reflected power in the simulated circuit is
about —23 dB at 35 GHz whereas in the three cold-tested circuits, the maximum reflected power
occurs at the same frequency and is measured to be approximately —20 dB. The the fabricated
structure exceeds the —25 dB maximum reflected power threshold design goal imposed earlier in
the design process, but not by more than 5 dB. Though not optimal, we are satisfied with these
results given these levels were achieved with an unbrazed circuit that included additional straight
waveguide sections.

It is also possible to come to the conclusion there are very few misalignments in the
structure based on the fact no outliers in magnitude occur in S;; or S,;. based on the simulated
data presented in Ch. 5, we can deduce that if any misalignments are present, they should be
less than 1 mil. Such a conclusion, solely based on the S-parameter laboratory measurements,
is confirmed by the middle column in Table 6.1 where the largest misalignment arises in £ with
magnitude 0.558 mil (14.173 pm).

Results as consistent as those presented in Fig. 6.5 across unclamped and clamped VEDs
manufactured in the split-block configuration has not been observed before in the vacuum
electronics field. We can attribute these measurements to accurate VNA calibration, but more
importantly, to successful fabrication implementation of the EA precision alignment technique
in the Ka-band circuit block. Observing these measurements in the unbrazed circuit with the
flange adapter addition is promising as it is likely better results will be obtained when the flange
adapters can be removed and the circuit is brazed. The S-parameter’s consistency across the three
unbrazed structures warrants the use of the unbrazed, unclamped circuit as the unbrazed circuit

baseline throughout the following sections.
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Figure 6.6: Alignment pin holes for the square WR-28 flange added to the
Ka-band circuit block. The red arrows point to the new holes.

6.5 Brazed Circuit

The next cold tests performed involved the brazed circuit that was manufactured. Like the
unbrazed structure, more details about the brazed circuit can be found in [6] and a summary of
the measured misalignments are outlined in Table 6.1. The fabricated, brazed circuit discussed in

this reference is the exact circuit cold tested in the following sections.

6.5.1 Circuit Modifications

Fabrication of the brazed structure finished shortly after the unbrazed circuit, so it was
possible to add square flange alignment pin holes to the brazed circuit block, thus allowing us to
remove the 1 in. standard section flange adapters. The new alignment pin holes are denoted by the
red arrows in Fig. 6.6. Screw holes for the square flange could not be added to the brazed circuit
block because the circular flange holes had already been milled. If square flange screw holes were
added to the brazed structure, they would overlap the circular flange holes prohibiting screws for
either flange type from maintaining a tight bond between the waveguide and the circuit block.
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Figure 6.7: Laboratory setup for the brazed Ka-band circuit cold tests. One of the two
silver WR-28 alignment pins is visible just underneath the R281B adapter. The second
alignment pin is located on the opposite side.

Any gaps between the waveguide flange and the block may increase reflections and/or reduce
transmission.

It is still possible to tightly fasten the R281 coaxial line to WR-28 adapter to the circuit
block by using the square flange alignment pins as well as clamps directed perpendicularly to
the circuit (see the inset in Fig. 6.7). The horizontal clamps’ purpose is not the clamp the circuit
block like described in Sec. 6.4.2, but instead, to solely fasten the R281B adapter to the structure.
Removing the flange adapters will not only allow for a more accurate RF characterization of the

brazed circuit, but it should also slightly reduce reflection and slightly increase transmission.

6.5.2 Brazed Circuit Cold Tests

Before the brazed circuit is tested without the flange adapters, it is beneficial to perform a
brazed circuit cold test with the flange adapters to compare its results to the unbrazed circuit (that

requires the flange adapters). Results for this test are plotted in Fig. 6.8.
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As expected, the brazed circuit exhibits a lower reflection magnitude than the unbrazed
circuit throughout most of the band. There are only a few brazed circuit local maxima between
28 GHz and 31 GHz that exceed the unbrazed circuit’s S;;. This is an encouraging result given
the flange adapters are still included in the measurement.

Next, the flange adapters are removed from the brazed circuit the S-parameters are
remeasured. These results are plotted in Fig. 6.9 and further examination reveals removing the
flange adapter from the brazed circuit reduces S;; and increases So; thereby agreeing with the
original hypothesis.

An astute observation can be made for the reflected power in Fig. 6.9a. Just below 33 GHz,
S11 improves significantly (i.e., the curve decreases in magnitude) compared to the rest of the
band. More specifically, at ~32.75 GHz, the local maxima for the brazed circuit with flange
adapters (the blue trace) is —32 dB and the local maxima for the brazed circuit without flange
adapters (the red trace) at the same frequency drops below —50 dB. Recall that in the HFSS
simulations, the 37 /2 point occurs at 32 GHz, which makes this decrease in reflection particularly
intriguing.

The simulations also indicate the 37/2 point is where disturbances in reflection and
transmission are present if the circuit is misaligned. We saw that especially for 2D shear
misalignments, Si; increases and So; decreases in a nonlinear manner as the misalignments
grow more severe. The only misalignment case simulated where S;; improved is in the 1D,
(x,z) = (0,5) misalignment (see Fig. 5.4a). It is difficult to make an accurate comparison with
this simulation, however, because the structure in Fig. 5.4a was simulated without the tapers to

the WR-28. The fabricated circuit, of course, includes the tapers.
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Figure 6.8: Reflection and transmission cold test results for the unbrazed and brazed circuits with the

WR-28 flange adapters.
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It should also be noted the simulated improvement is present in the large, 1D, 5 mil
misalignment in 2. Further inspection into Table 6.1 reveals the largest misalignment in the
brazed (and unbrazed) fabricated circuit does occur in the Z-direction. Though the 5 mil
misalignment magnitude is much greater in the simulations than the 0.558 mil misalignment in
the fabricated circuit, it is of special interest the largest displacement in both cases is in 2. For this
reason, the decrease in S1; may not necessarily be related to the one-dimensional misalignment
magnitude, but instead, when the displacement in one dimension, particularly along Z, far exceeds
the displacement in the adjacent dimension. This is the case for both the fabricated unbrazed
and brazed circuits where the misalignments in Z are greater than those in z (see the numbers
outlined in bold in Table 6.1). Additional simulations and laboratory tests are required to confirm

this result, however.

6.6 Chapter Summary

Many laboratory measurements for the Ka-band SWG circuit have been outlined
throughout this chapter. A concise summary of the measurements is plotted in Fig. 6.10 and
a summary of the misalignment magnitudes in the fabricated circuits is given in Table 6.1.

There is much room for improvement in the circuit block fabrication and cold test
measurement technique before the W-band circuit is designed. More focus will be put on
improving the piece-part (i.e., each individual part) manufacturing precision of the SWG circuit
block so that the final assembly has misalignments with smaller magnitudes, if any are present at
all. It is especially important at W-band frequencies to ensure precise fabrication because the RF

signal’s wavelength is much smaller than those in Ka-band. Waveguides with circular flanges will
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Figure 6.10: Summary of the S-parameters from the cold tests performed for the unbrazed SWG
circuit with the flange adapters and the brazed SWG circuit without the flange adapters. The cold test
data is compared to the simulated, aligned structure (with tapers) baseline.

also be procured to match the planned alignment pin and screw hole circular flange configuration
on the W-band circuit block.

A detailed study into the effect misalignments have on a Ka-band SWG circuit through
simulations and laboratory testing has been presented. Efforts will now shift to translating the
lessons learned throughout the Ka-band SWG circuit design into creating a SWG to be used in a

fully-functional W-band TWT prototype.
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Measured Misalignments in the Fabricated Ka-Band Circuits

Feature Unbrazed Circuit (mil [ym]) Brazed Circuit (mil [pm])
Front 0.279 [7.087] 0.04 [1.02]

Left 0.138 [3.505] 0.20 [5.08]

Right 0.145 [3.683] 0.14 [3.56]

Back 0.456 [11.582] 0.21 [5.33]

Beam Tunnel

2-Front 0.162 [4.115] 0.17 [4.32]
z-Front 0.195 [4.953] 0.64 [16.26]
2-Back 0.136 [3.454] 0.06 [1.52]
z-Back 0.558 [14.173] 0.41[10.41]

Table 6.1: Measured misalignments in the unbrazed and brazed fabricated Ka-band circuit
blocks. The “front,” “left,” “right,” and “back™ terms are all relative to the circuit block
shown in Fig. 6.1. The front face is the where the weld flange is located and the right face
is where the “SWG circuit lower half” label is located. The bold table entries signify the largest
misalignment in each structure. Adapted from [6, 33].
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Chapter 7: ' W-Band Circuit Optimization

7.1 Overview

The contract supporting this work requires a precision-fabricated W-band SWG TWT
prototype. Using lessons learned from the Ka-band circuit, the W-band SWG SWS design can
begin smoothly. The first portion of this chapter details the preliminary circuit’s design origins
and verification. The latter parts of the chapter will then describe alterations made to the circuit
in an effort to optimize its performance, which is measured in terms of the SWG’s S-parameters,

but more importantly, its cutoff frequency and beam-wave interaction.

7.2 Preliminary Design

7.2.1 Circuit Repeatability Verification

The initial W-band circuit design begins through a verification process. A W-band design
with similar performance goals we strive to achieve is presented in [34]. Few dimensions
and circuit parameters are given in the paper, however. Our group adapted the dimensions
available and using the pictures provided in the paper, we attempted to reverse engineer a single

circuit period. Verification of our “scaled” design was done by performing an HFSS eigenmode

95



Scaled NRL SWG Single Period Dispersion Curve Circuit Dispersion

200 170 I e e I B S e S
Mode 1 r . b
Mode 2 160 m
180 F Lo~~~ 20 kV Beam Line L. | ——HFSS _
150 - Beam Line 20 kV b
o+ . r Data :
= 160 ¢ 140 - g
£ =130 .

>
2 140 g r N
s 2120 |- N
g gt -
20t 110 5
100 i
100 | L i
90 —
80 - | ; | i | i | 80 I | | 1 1 I I I I 1 ]
180 210 240 270 300 330 360 390 420 180 220 260 300 340 380 420
Phase [deg] Phase Advance (deg)
(a) Dispersion curves for the (b) Dispersion curves for the NRL
“scaled” SWG. SWG. Adapted from [34].

Figure 7.1: Comparison of the “scaled” W-band circuit’s dispersion curves to the dispersion curves
for the original NRL W-band circuit presented in [34].

simulation and comparing our simulated dispersion curves to those presented in the paper. The
results are shown in Fig. 7.1.

The scaled model’s validity is confirmed by comparing its dispersion curves in Fig. 7.1a to
the dispersion curves in Fig. 7.1b. In both plots, the 20 kV beam line’ crosses the TE;y mode
at three points between 180° and 420°. The black dot in Fig. 7.1a occurs at a the phase advance
of ~370°, which corresponds to a frequency of ~150 GHz. This point is consistent with the
beam line crossing above 360° in Fig. 7.1b. We may thus conclude the scaled model has been

reverse-engineered accurately.

7.2.2  Full-Circuit Modeling

Following the single period verification, a W-band full-circuit model was designed. Tapers

are again included to transition from the SWG size to the WR-10 standard waveguide size for

A 20 kV beam has been chosen for the W-band SWG TWT design based on other STTR design requirements
not detailed in this text.
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Figure 7.2: W-band full-circuit CAD model and its simulated S-parameter response. The circuit has
N = 40 periods.

W-band (see Fig. 7.2a). Fillets were not added to this circuit because no significant improvement
in Sq; or Sy; was observed in any simulations. The simulated S-parameter responses for this
model are given in Fig. 7.2b.

The S-parameters for the full-circuit model indicate cutoff occurs at approximately 85 GHz.
This is confirmed by the dispersion curves presented in Fig. 7.1a. Above 88 GHz, S;; reaches
levels well below —20 dB, which is an encouraging result.® Notice, however, S,; saturates at
about —2 dB and does not reach this level until ~98 GHz, or 10 GHz above cutoff. Such a result
reveals just over half the incident power is transmitted through the device. In the simulated,
aligned Ka-band circuit, the S,; response was much higher. The transmitted power crossed the
—2 dB threshold at approximately 27 GHz, or only 500 MHz above Ka-band’s lower band edge.
So1 proceeded to stay between 0 dB and 2 dB down for the remainder of Ka-band. In fact, above

30 GHz, S,; remained at levels between —0.70 dB and —0.45 dB for the Ka-band circuit.

®The S-parameter results plotted in Fig. 7.2b are consistent with those presented in [34]. In fact, the scaled
circuit’s simulated S1; response outperforms the HFSS simulation results presented in [34].
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Figure 7.3: Dispersion curves and S-parameter results for the scaled W-band circuit with a 2%
increase in the broadwall size.

7.3 Increasing Bandwidth

The bandwidth for the scaled device is ~25 GHz, which is significant in general terms, but
it is desirable to attempt to widen it in order to increase the device’s functionality. Increasing
the device’s bandwidth amounts to decreasing the scaled circuit’s cutoff frequency. To do this,
recall the expression for a rectangular waveguide’s cutoff frequency given in (2.7). The TE;,
mode is the mode of most interest for the beam-wave interaction, so the the second term in
(2.7) can be ignored. It was decided to increase the scaled circuit’s bandwidth by 2% thus
demanding the broadwall dimension, a, to be increased by 2%.” The dispersion curves and the
S-parameter responses are given in Fig. 7.3a and Fig. 7.3b, respectively. It can be deduced from
both Fig. 7.3a and Fig. 7.3b the cutoff frequency decreases from ~85 GHz in the scaled circuit’s

case to 83.39 GHz in the circuit with the 2% increase in broadwall size.

"The broadwall dimension variable name in the SWG single period model is defined as W (recall Fig. 4.2).
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Though the bandwidth expansion goal has been successfully achieved, there is still a design
flaw in this circuit that will need to be addressed before fabrication. This issue is discussed in the

next section.

7.4  Avoiding Instabilities

A glaring problem is present in Fig. 7.1a and Fig. 7.3a; the beam line intersects a backward
wave just beyond 27. In general terms, such behavior in a TWT is undesirable because
backward-wave instabilities are likely to arise.® To avoid said instabilities, we derive an analytical

approach for the circuit design and test its efficacy using HFSS.

7.4.1 Analytical Approach

We begin the analytical approach with a simplified dispersion relation for the TE;; mode

that can be derived from [24]:

L
a=7+—y/w—w?. (7.1)
c

where oo = kL, is the phase advance across a single SWG period, L, = P is the gap length, and
Ly = x; + 2, + 5 (; + 1) is the average microwave signal path length through the SWG bend.
These quantities are illustrated in Fig. 7.4.

It is then possible to write a normalized equation for frequency in terms of the phase

advance, o, as

8In select applications, a backward-wave oscillator, or BWO (pronounced “bee-woah", also known as a
“carcinotron”), requires a beam-wave interaction with a backward-wave. This phenomenon can be used to create a
terahertz RF source (see [35, 36, 37] for more details about BWOs).
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Figure 7.4: Additional SWG geometry variable definitions used in the analytical

derivations.
w a—1\>
— =/1+ ( > (7.2)
We wF,
where F,. = “;—ﬁs is the dimensionless cutoff frequency. The beam’s dispersion relation in terms

of the beam’s velocity, vy, can expressed as

w = kv, = gvb _a (W—Ub) . (7.3)
T

w «a B
o T (F) 74
where B = % is the dimensionless beam velocity.
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We now demand the 20 kV beam line intersects the TE;y dispersion curve at 27 to avoid
exciting any backward wave modes. Substituting in o = 27 into (7.2) and (7.4) and then equating
the two yields

(7.5)

AB* =F?+1,

1.e.,
(7.6)

F.=v4B%? -1

indicating that B? > 1/1. The beam line will also intersect the TE;, dispersion curve at a point

before 27, which can be found be equating (7.2) to (7.4) and then implicitly solving for § = £

thus yielding
(7.7)

0°B>=F?+ (0 —1)" .

It is then necessary to substitute (7.5) into (7.7) and solve for ¢ to find the two solutions,

i.e., the two points at which the beam line intersects the TE,y mode. The two solutions are given

in (7.8) and (7.9).

2B?
(7.9)

Oy =2

We can ignore the 6, = 2 solution because it is equivalent to the a = 27 solution that has already

been solved.
The additional constraint 7 < o < 27 (i.e., 1 < 6 < 2) for the lower intersection must also

be imposed to ensure any backward-wave crossings are avoided. Using (7.5) and (7.8), we arrive

at the constraints for F, and B:
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3 c (7.10)
1 1

which confirms the previous constraint that B* > 1/.

Now suppose we take w = wy, where wy, is the lower frequency at which the first beam line

and TE dispersion curve crossing occurs. Thus, it is possible to define a “safety factor,”

=
I
£1E

(7.12)

describing the ratio of the lower intersection frequency to the SWG’s cutoff frequency.

Substituting w = wy, into (7.2) and again equating (7.2) to (7.4) reveals

«a (B B
nt(2) o (2). o

Finally, we substitute § = 6, into (7.13) to arrive at the final expression for the safety factor

as a function of the dimensionless quantity B:

R= 2 2B 7.14
ViS5 719

The curves for F,. (B) and R (B) are given in Fig. 7.5.
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Figure 7.5: Curves representing the analytical relationships F. and R, both as a function of B.

Optimized Geometry Parameters

Pre-Optimization Post-Optimization

P=1, P=r
W w’
G G
S S
L L
D D
To x)

T T
To r

Table 7.1: SWG circuit parameters for the pre- and post-optimized W-band circuit. The
optimization’s goal is avoid any backward-wave mode excitations. The primed dimensions
indicate new values not equivalent to the original, unprimed dimensions.
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The analytical model presented in the previous section is a powerful tool that can be used
to optimize the W-band circuit geometry in order to avoid any unwanted crossings simply by
specifying a value for R and the circuit’s operating frequency, fy. Using these two figures of merit
in the safety factor derivation results in a straightforward method to back-out SWG geometry
quantities that will force the structure to adhere to the beam-wave intersection with the TE;
mode at 27. More specifically, specifying R and f; in addition to already knowing the scaled
structure’s original dimensions (i.e., P = L, W, G, S, L, and D) will yield the optimized circuit
dimensions L', or the SWG’s new height, L., or the new RF signal average path length through
the SWG bend, L’g, or the circuit’s new gap length, W/, or the new broadwall dimension, and
consequently, f!, or the circuit’s new cutoff frequency. It is also possible to further deduce z,
T, 73, and 7, from Ly, G, and S. Table 7.1 illustrates the circuit dimension variables before it is

optimized compared to the optimized geometry’s parameters.

7.4.2 Selecting an Appropriate Safety Factor

The next step in optimizing the circuit’s geometry to avoid backward-wave instabilities is
to select an appropriate safety factor. The scaled circuit’s safety factor is found to be 2, = 1.07,
which can be found from Fig. 7.1a by inspection. It is evident we must choose a value for R such
that R > R, to avoid any backward-wave intersections. Let us take R; = 1.1 and Ry = 1.2 as
initial guesses for R, choose fy = 95 GHz (a common operating frequency for W-band devices),
perform the optimization, and analyze the results. The dispersion curves for the R; = 1.1 and

Ry = 1.2 optimizations are presented in Fig. 7.6a and Fig. 7.6b, respectively.
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Dispersion Curves for Scaled Circuit and Dispersion Curves for Scaled Circuit and
R = 1.2 Optimized Circuit
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(a) Ry = 1.1 optimized geometry. (b) Ry = 1.2 optimized geometry.

Figure 7.6: Simplified analytical TE;y mode dispersion curves for the R = 1.1 and Ry = 1.2
optimized geometries compared to the scaled circuit.

The dispersion curves in Fig. 7.6 demonstrate how different [2-values affect the SWG
circuit’s electromagnetic characteristics. In the case where R = R;, the cutoff frequency rises
slightly to f.; =~ 86 GHz and in the case where R = R,, the cutoff frequency decreases to
feo =79 GHz. Regardless of the change in cutoff frequency, however, we can see the lower
beam-wave intersection for R, occurs at ~95 GHz, or 10% above f.;, and the lower intersection

for Ry also occurs at ~95 GHz, or 20% above f., as expected.

7.4.3 Optimized Geometry Dispersion Modeling

Attention now turns to implementing the analytical model into a practice by realizing the
dimensions output by the optimization scheme into a CAD model for the SWG. Once a CAD
model is created, an eigenmode simulation on a single circuit period can be performed in HFSS.
CAD models for both the R; = 1.1 and Ry, = 1.2 optimizations were created and simulated;

their simulated dispersion curves are depicted in Fig. 7.7.
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SWG Dispersion Curves forR=1.1
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Figure 7.7: Simulated dispersion curves
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Figure 7.8: Comparison of the R = R; and R = Ry analytical geometry optimizations to their HFSS

simulations.
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The HFSS simulation results are extremely encouraging. For both values of R, it is clear
from both Fig. 7.7a and Fig. 7.7b the beam line intersects the TE;; mode’s dispersion curve
precisely at 27 as we demanded. The second constraint that the lower intersection occurs between
7 and 27 is also obeyed. More importantly, no intersections between the beam line or any
backward-waves are present, which is the optimization’s principle goal.

An even more impressive result becomes evident when inspecting just the lowest mode
from the simulation results in Fig. 7.7a and Fig. 7.7b. When the HFSS simulation results are
overlayed onto the analytical results illustrated in Fig. 7.6a and Fig. 7.6a, we can see outstanding
agreement between the curves. In fact, there is no visible deviation except for where the simulated
results begin to round off at 0 and 27 (i.e., where the bandgaps occur). This is expected because
the analytical dispersion relation from [24] used to begin the safety factor derivation is only valid
for the lowest mode and does not account for bandgaps. The agreement between the analytical
results and the HFSS simulations presented in Fig. 7.8a and Fig. 7.8a and are quite an amazing
result. Not only is the analytical model confirmed, it has also been shown the model is valid to a

high degree of accuracy for SWG TWTs in which backward-wave instabilities must be avoided.

7.4.4 Optimized Geometry S-Parameters

Additional HFSS simulations were performed for the 7; = 1.1 and the Ry, = 1.2 optimized
geometries to obtain their S-parameter responses. These simulations are summarized in Fig. 7.9.
The reflected power results presented in Fig. 7.9a provides alternate viewpoint of
the different SWG geometries’ cutoff frequencies, each of which are consistent with their

corresponding dispersion curve. The geometry with the largest bandwidth (and hence, lowest
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Figure 7.9: Summary of the three optimized geometries’ S-parameters compared to the original,
scaled circuit’s S-parameters.

cutoff), is the R = R, optimized circuit. At 95 GHz (the chosen operating frequency), the
R = R, circuit has the lowest reflection; however, at 99 GHz, the device’s reflection increases to
levels up to 10 dB above S;; for other geometries. The circuit with the 2% broadwall increase
exhibits the lowest reflection. Between 95 GHz and 105 GHz, this geometry has an S;; response
below 30 dB down with some frequencies exhibiting reflections as low as —50 dB over a 1 GHz
bandwidth. The R = R, optimization appears to exhibit an S;; response between the remaining
reflected power responses, but it has the smallest bandwidth.

As for S, in the optimized geometries shown in Fig. 7.9b, it is clear the R = R; circuit
has the lowest transmitted power. Its level peaks at about 2 dB down and it does not reach this
level until near the band edge at 108 GHz. In fact, the transmitted power through this circuit is
less than —3 dB until 94 GHz indicating less than half the power makes it through the circuit at

frequencies below 95 GHz.
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The geometry where the broadwall is increased by 2% has the highest transmitted power
peaking at about —1.6 dB at 110 GHz. This circuit has a bandwidth of ~26 GHz. The
R = R, optimization exhibits an So; response that is somewhere between the highest and lowest

transmitted power response.

7.5 Chapter Summary

The transition to designing the W-band circuit for the SWG TWT prototype has been
discussed in detail throughout this chapter. Reverse engineering a circuit design presented in
[34] resulted in a preliminary circuit design that was then altered in an attempt to increase
bandwidth, which was successful. Backward-wave instabilities were present in this circuit,
however, so an analytical optimization technique to prevent said instabilities was derived and
confirmed through HFSS simulations. Further discussion about final W-band circuit geometry

choice will be discussed in Sec. 8.2.
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Chapter 8: Conclusions and Future Work

8.1 Conclusions

8.1.1 Ka-Band Circuit

A detailed study of a Ka-band SWG has been presented. Simulations were performed
using the CEM software HFSS to improve matching between the SWG and the tapers to the
WR-28 standard waveguide size as well as to characterize the possible effects misalignments in
the SWG circuit had on its RF performance. Mechanical precision alignment techniques were
also introduced and realized in a Ka-band circuit to mitigate such misalignments in the fabricated
device. Circuit cold tests were then carried out in the laboratory to determine if any misalignments
in the fabricated structure degraded the microwave signal in the SWG.

The matching step transformer between the SWG and the tapers determined to have the
lowest simulated reflected power, or S11, and maintain a reasonable size to facilitate fabrication
was the fillet with a 15 mil radius located 62.5 mil away from the beam tunnel’s axis.

Simulations of various misalignments in the final Ka-band circuit geometry were then
performed. Both one-dimensional and two-dimension misalignments in the Z-direction and
the z-direction with magnitudes ranging from 1 mil and 5 mil were introduced into the circuit.

Rotational misalignments with angular displacements ranging from 0.1° to 0.5° in the clockwise
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direction were also studied. It was found that the 1D misalignment with the greatest disruption to
the reflected power was the 5 mil misalignment in the 2-direction. This disturbance was observed
to decrease S;; by up to 18 dB at 32 GHz, which is the frequency corresponding to the 37/2 point.
It has been observed in other studies in the VED field the 37/2 point is the a phase at which
instabilities often occur.

The 2D shear misalignments proved to increase the reflected power and decrease the
transmitted power (Ss;). At 32 GHz, or where the 37/2 point occurs, significant increases
in S;; and decreases in So; were observed in the simulations with increasing misalignment
severity. A 20 dB increase from —28 dB to —8 dB in S;; was seen in the (z,z) = (5,5) mil
shear misalignment and a corresponding decrease of 0.9 dB from —0.6 dB to —1.5 dB was seen
in Sy for the same misalignment. The (5,5) mil misalignment was most detrimental to the
SWG circuit as hypothesized. It was also found the increases in S;; and decreases in So; were
nonlinear for the shear misalignments. Eigenmode simulations to obtain the dispersion curves
for shear misalignments in the SWG device found the cutoff frequency decreases nonlinearly and
the bandgap size increases quadratically with increasing misalignment magnitude, as well.

Rotational misalignments in the Ka-band circuit also increased the reflected power and
decreased the transmitted power as the displacement grew larger in magnitude. There were no
concentrated frequencies where these disturbances were significantly larger than in other portions
of the band unlike in the case of the shear misalignments. The increase in S1; remained relatively
uniform across Ka-band with a peak reflection of about 15 dB down occurring at ~39.75 GHz,
which is 7 dB lower than the peak pass band reflection for the shear misalignments. The observed
increases in Sy; for the rotational misalignments were nonlinear just as was the case for the shear
misalignments.
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Rotational misalignments caused a more significant standing wave to arise in the
transmitted microwave signal compared to the shear misalignments, as well. The standing
wave with largest magnitude that was observed in the rotational misalignment simulations also
occurred at ~39.75 GHz between —0.45 dB and —0.65 dB for a 0.2 dB magnitude. Though this
standing wave has a small magnitude compared to the reflected standing wave, it is the largest
standing wave magnitude seen relative to the transmitted power.

Laboratory measurements of the fabricated Ka-band circuit were performed following the
misalignment simulations in HFSS. The unbrazed structure was manufactured and tested first
and it was demonstrated the device’s reflected and transmitted power were nearly identical in
the unclamped, single-clamped, and double-clamped circuit blocks. This behavior has seldom,
if ever, been observed before in the VED field. Our results validate the efforts put forth to
manufacture and assemble a device with a high degree of precision using the elastic averaging
technique. In these cold test measurements, the maximum reflection in the unbrazed circuit’s pass
band reached approximately —20 dB, which was only 5 dB above the HFSS simulated values.
The transmitted power was measured to be between —1 dB and 0 dB for 28 GHz and above.
Considering flange adapters had to be used in the unbrazed measurements, we conclude this level
is acceptable and proves a successful design and fabrication.

The fabricated brazed circuit exhibited even lower reflected power and higher transmitted
power than unbrazed circuit. It was encouraging to confirm the original hypothesis that stated
this behavior. An interesting observation was also made in the brazed circuit’s measured Sq;.
Between 32 GHz and 33 GHz, the reflected power significantly decreases to below —50 dB from
levels just above —30 dB outside this 1 GHz bandwidth. Recall the 37/2 point, or the point at

which instabilities often arise, occurs at 32 GHz for the Ka-band circuit. In the HFSS simulations,
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we saw that 2D shear misalignments cause a significant increase in the reflected power at this
point. In all the misalignment types and magnitudes tested, however, the (z,z) = (0,5) mil
misalignment was the only displacement observed to improve S;; near 32 GHz. This may
suggest the decrease in S;; may not necessarily be related to the one-dimensional misalignment
magnitude, but instead, when the displacement in one dimension, particularly in the Z-direction,
far exceeds the displacement in the adjacent dimension. Additional simulations and laboratory

tests are required to confirm this result, however.

8.1.2 W-Band Circuit

The larger-scale Ka-band circuit’s design and fabrication provided an excellent starting
point to begin the W-band circuit design, which will have to be done at a much smaller scale given
the decrease in wavelength. Design efforts began by reverse engineering a W-band SWG circuit
presented in [34] by A.M. Cook et al. Subsequent HFSS simulations of the reverse-engineered,
or “scaled,” circuit and comparison of its S-parameters and dispersion curves to those presented
in [34] proved the scaled circuit’s validity.

Focus then shifted to improving the scaled circuit’s bandwidth, but more importantly, to
revise its dispersion such that there were no beam-wave interactions with any backward waves,
as were present in the circuit presented in [34]. An analytical model based on a simplified
dispersion relationship for the TE;; mode originally described in [24] was then derived to
avoid said crossings. The analytical model defined a safety factor, R = “rL/v., or the ratio
of the beam line’s intersection with the TE;; mode below 27, to ensure the beam line’s upper

intersection with the TE;y mode occurs at 27r. This requirement prevents any backward-wave
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intersections and thus, improves device stability. The analytical optimization output several
SWG geometry parameters to create a new geometry that would exhibit these desired properties.
HFSS simulations of the R; = 1.1 and R, = 1.2 optimizations were performed and compared
to the analytical model. Excellent agreement was observed between the two, thus validating the
analytical model’s effectiveness and proving it can be used as an effective tool in future FW/SWG
TWT design.

Finally, the S-parameters for the SWG with the 2% broadwall increase and the two
optimized geometries were simulated and compared to the scaled circuit. Overall, these three
geometries all exhibited lower transmission than the simulated Ka-band circuit. The best
observed transmission had a maximum of approximately —1.6 dB at 110 GHz, or W-band’s upper
threshold. The greatest bandwidth simulated was the R = R, optimization that exhibited a pass

band from ~79 GHz to 110 GHz.

8.2  Future Work

A detailed study into the effect misalignments have in a Ka-band SWG circuit and an
optimization technique used to avoid backward-wave instabilities in a W-band circuit have been
presented. Although this text is quite comprehensive, by no means does it provide definitive
conclusions for all the topics covered; there are certainly areas where more research must be
conducted.

In the Ka-band circuit, the Pierce impedance described in Sec. 3.5 should be calculated for
the aligned structure as well as for the 1D, shear, and rotational misalignments. This calculation

can provide further quantitative insight into how misalignments affect the gain of the TWT when
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the device is running hot (i.e., when an electron beam is propagating through the beam tunnel).
Work has already begun on this calculation, but unfortunately, time constraints prevented it from
being completed before the conclusion of this thesis.

As for the W-band circuit, the next steps include inputting the simulated eigenmode data for
the SWG with the 2% broadwall increase and the two optimized geometries into the large-signal
interaction codes CHRISTINE and TESLA-Z to compute the structures’ impedance matrices and
gain. These results will then be used in conjunction with the S-parameters and dispersion curves
simulated in HFSS to create a final W-band SWG circuit design. At this point in time, it appears
the most promising geometry is the R = R; optimization. In this geometry, there is slightly more
space between the 20 kV beam line and the TE,, mode’s dispersion curve. This is important to
consider when creating a real-world device because space charge forces in the beam may cause
the beam line shift to the right and alter the interaction frequencies. If there is more space in
between the beam line and the and dispersion curve in the cold simulations, there is more of a
buffer for the beam line to shift without exciting any backward waves.

Similar misalignment studies to those made for the Ka-band circuit may also be performed
for W-band devices. Characterizing the RF response across two bands that are separated
by a minimum of 35 GHz could prove incredibly insightful to the circuit’s overall behavior.
It is likely the smaller wavelengths at W-band will cause the device to be susceptible to
smaller misalignments and potentially have more pronounced signal degradation for the same
misalignment magnitudes tested for the Ka-band studies. A final circuit geometry cannot be
decided upon by analyzing only one simulation, however. Careful thought and consideration of
all the simulations (and potentially laboratory tests of numerous circuit geometries) must be put

forth before a final decision can be made for the W-band device’s geometry.
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As this thesis is being composed, extensive work is being on done the W-band SWG TWT
prototype. Efforts are being made to improve the tolerances of the elastic averaging precision
alignment technique, the adjoint method is being implemented in MICHELLE to aid in the
electron gun design (as described in Appendix A), a custom magnet for the beam’s focusing
field is being designed, and further simulations of the optimized SWG circuit geometries will be
performed so that a final circuit geometry design can be chosen. In summary, the W-band SWG

TWT prototype is on schedule to be delivered to the Navy by the STTR’s conclusion.

116



This page is intentionally left blank.

117



Appendix A:  TWTs and the Adjoint Method

Before it is possible to apply the general principle of the adjoint method to traveling-wave

tubes, it is necessary to first introduce its origin and the reason for its use.

A.1 Introduction to the Adjoint Method

The adjoint method is a general, mathematically-based method for finding the sensitivity of
a system’s performance to the many parameters that describe said system [38, 39]. The advantage
of the adjoint method over a direct method, in which system parameters are individually varied, is
that the dependence on all parameters can be determined by one or two solutions of the system’s
adjoint equations rather than requiring a solution of the base equations for each parameter
variation.

To illustrate this concept, consider a system whose state is defined by an N-dimensional
vector, x, that depends on a vector, B, of M variables (note that here, B is not the magnetic field
vector) [38]. If the system is described by differential equations, the dimension of & might be
infinite. Similarly, if the parameters of the system are functions, such as the shape of a surface,
M may be infinite as well. The relation between the system state and the parameters can be

represented by the nonlinear vector equation
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A(z)=B. (A1)

Further, it is possible to represent the performance of the system in terms of a scalar figure
of merit G(x, B), chosen by the system’s designer. The goal is to find the dependence of G on B
for an arbitrary reference state . The variation of G with given changes in B can be represented

in terms of incremental changes in the governing variables,

dG =G, -dex+Gp-dB (A2)

where G, and G g are vectors of derivatives with lengths N and M, respectively. The first term
represents the implicit dependence of the figure of merit G on the parameters through changes of
the system state, da, and the second term represents the explicit dependence of GG on the change
in parameters dB. The implicit change in the system state depends on the change in parameters

through the linearized system relation

dA.(z) - dx = dB (A.3)

where dA () is an M-by-N matrix of derivatives. For a direct calculation of dG, this matrix
must be inverted to find da in terms of d B, and then inserted into (A.2) to find dG. This implies
the inversion of an M-by-/N matrix.

The adjoint approach is to solve:

y-dA.(x) = G, (A4)
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Input Parameters (“knobs”): B

Figure A.1: Block diagram representing a graphical view of the adjoint method. The system,
A(x), has the state « and input parameters, B, that can be thought of as “knobs” to adjust the
system’s state.

a single time for the vector y. It then follows that

dG = (y+ Gg) - dB . (A.5)

The adjoint method is unique in the sense it allows for efficient computation of the gradient
of the function, G(x, B), that is dependent on both the solution, «, and the control parameters, B.
Recall the function G contains figures of merit the designer chooses [38]. Computing the gradient
of G reveals how changes in the control variables affect G, which is particularly powerful when
designing a system with a large number of parameters. The system can be represented as a block

diagram depicted in Fig. A.1.

A.2  Qualitative Application of the Adjoint Method to TWTs

Application of the adjoint method to TWTs is best illustrated in the case of the SWG
structure in Fig. 2.10. It is quite clear where misalignments may arise in the structure when
the two halves of the copper block are fastened together. To be more specific, the most

apparent misalignments occur in the x-z plane, or the plane of the blocks’ mating surfaces. Said
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misalignments in the structure could cause disturbances in the RF field in the SWG and/or cause
the beam to scrape on the beam tunnel walls. Both of the aforementioned consequences could
severely degrade the TWT’s performance, thus demonstrating the need to better understand what
types of effects these misalignments have on the structure.

Characterizing the SWG structure’s sensitivity to disturbances in its geometry can be
categorized into two parts: the effect on the RF signal and the effect on the electron beam. The
RF characterization has be discussed at length throughout this text. This section serves to provide
an overview of efforts put forth by our group to determine the effects electron gun misalignments
have on the TWT’s performance.

Currently, studying the consequences structural misalignments have in a device such as
the SWG is extremely time consuming. The main method used to gain an understanding of
the device’s behavior, particularly the beam, are primarily PiC codes, which use a much smaller
number of particles to represent a group of a large number of particles, such as electrons and ions,
to increase computation speed [40]. Though efficient for general beam simulations, PiC codes
are not optimized for misalignment studies. They are more than capable of computing the desired
fields in a misaligned device, however, simulating misalignments must be done one at a time. In
other words, it is usually advantageous to simulate more than one misalignment magnitude to
determine their effects on the fields, but in current PiC codes, each misalignment would have to
be simulated separately, which is extremely time consuming.

At this point is where the introduction of the adjoint method greatly improves the
computation speed. By defining one “sensitivity function,” or a figure of merit (FoM), decided

upon by the researcher, the adjoint method allows for the calculation of how a large number of
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changes in geometrical properties impact said FoM in only one additional run of the PiC code,

rather than several runs each containing a single misalignment or geometry perturbation [41].

A.3 Quantitative Application of the Adjoint Method to TWTs

To better understand the adjoint method’s applicability to TWTs, consider the example of
aligning an electron gun to the SWG circuit block shown in Fig. 2.10. If the gun is misaligned in
any way, the beam will not propagate down the center of the beam tunnel and thus, interact with
the RF fields in potentially unexpected ways. Additionally, a small perturbation in the electric
field will arise anywhere there may exist misalignments in the SWG structure. The perturbations
in the field will cause a change in the root-mean-square (RMS) beam radius, (z?), which can be

written as

G() = 6(z?) = /S dA (5E,) Alz| (A6)

where G(x) is the FoM and § F,, is the normal component of the electric field on the gun’s anode,
which will be defined as the “sensitivity function” herein.

Modeling such a change in the figure of merit, (x?), in the PiC code is done by perturbing
the electrons where the beam exits the gun (i.e., to the right of the anode; see Fig. A.2). Then,
the beam and magnetic field are reversed in both time and space (i.e., the beam propagates in
the —2-direction). Using the adjoint method, the change in 0 F,,, or the sensitivity function, can
be calculated yielding the manner in which the beam responds to any misalignments. A more

in-depth description of PiC code modeling of the adjoint method is discussed in the Sec. A.4.

122



Mathematically, the above discussion
Electron Gun

L e 1
can be written as the following steps. First, 3 I
Focus ]

« v | Electrode y! 2 |
take the electron gun to be the“system,” A(x), : :
I oE, Beam I

where the vector x is N-dimensional and ¥ l
I I
contains information about the electron gun’s ! Anode 1
[ Cathode J Beam |
current state. The misalignments and other | Tunnel I
e e o e o e e e e e mm o mm oww ol

system parameters, such as the magnetic field, _ _
Figure A.2: 2D cross-section of an electron

demanding our attention are then compiled gun. Adapted from [42].

and stored in the vector B. Recall from previous sections the parameters represented by B
can be thought of “knobs” to adjust system parameters. Thus, it is possible to rewrite (A.1),

which is nonlinear, by linearizing around an equilibrium to get the matrix equation

Ax = B. (A.7)

The next step is to perturb the system in the following manner:

X =X+ 0X (A.8)
B=B+/B (A9)
G=G+4G (A.10)
and rewrite (A.7) as
g—i-a}—(SB:fl-éa:—éB. (A.11)
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It is also possible to write

0G = dx - 8—G . (A.12)
ox

At this point is where the adjoint method is introduced. It is desired to find a variable, y,

such that the following is true:

A (A.13)

Because A is a function of all the system parameters, x, it is necessary to calculate Al only once,
thereby significantly decreasing simulation time. In this example, the term y - Ais equivalent to
time reversal of the beam and the magnetic field due to the equations of motion and Hamiltonian

dynamics. From (A.11), it is then possible to write

y-A-dxz=vy- 6B (A.14)

a—i'éw:y-éB (A.15)
yielding

6G=y-iB .| (A.16)

In other words, the change in the FoM (in this case, only the RMS beam radius) caused by
any change in parameters can be deduced [41]! It is also important to note there may be more
than a single FoM, thereby increasing the robustness of this calculation.

Further quantitative discussions regarding the adjoint method and its applications are
presented in [43]. In this reference, other TWT figures of merit are optimized including average

gain, gain flatness, the gain-bandwidth product, beam voltage, and circuit geometry.
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A4 PiC Modeling with the MICHELLE Code

As mentioned previously, PiC codes are widely used in beam modeling. Many versions
of these codes exist, however, the adjoint method remains absent from them all. One particular
code, MICHELLE, largely developed by Dr. John Petillo and Dr. Eric Nelson (and described in
more detail in [42] and [44]), has been chosen as the first code into which the aforementioned
formulation of the adjoint method, largely developed by Professor Thomas M. Antonsen, Jr. of
the University of Maryland, College Park, will be integrated. The following discussion is a brief
overview of how the adjoint method’s application to TWTs is implemented using the code.

The first step in the adjoint method simulation is to propagate an undisturbed electron beam
in the forward direction, which is defined to be from left to right, as depicted in Fig. A.3a. The
beam energy for this set of runs is 10 keV. In the forward case, the beam propagates in the
+Zz-direction between two boundaries at ground potential (0 V) [41]. Affixed to the upper and
lower portion of the blue boundaries in Fig. A.3 are two electrodes (the red patches) that create
a potential difference between them. These electrodes are also held at ground potential for the
forward case and the y-component of the electron’s velocities are set such that the beam is laminar
[41]. The focusing is provided by a magnetic field. This simulation will serve as the “base case,”
i.e., the control [41].

The potential difference across the electrodes is then set to 2 kV for the second, perturbed
case as shown in Fig. A.3b. When the beam travels through the potential difference, it is “kicked”
and begins to oscillate [41]. The restoring force in this mechanism is a magnetic field, just as
in the forward case. Because the beam has been perturbed, the electrons reach the rightmost

boundary with a displacement along the x-axis. This offset is saved by the code [41].
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Finally, in the third case, the electron’s
velocities and the magnetic field are reversed
in time, causing the particles to propagate
backwards (from the right boundary to the
left boundary) as shown in Fig. A3c [41].
Before the particles are launched backwards,
however, the potential across the electrodes
is set back to 0 V. When the reversed beam
propagates between the electrodes, the change
in the normal component of the electric field
on the electrodes, 0F,, is recorded. Using
the adjoint method theory presented earlier,
the change in the normal electric field, or the

sensitivity function, can be used in (A.16) to

6V=0o0réVvV!’=0

Forward Case

(a) Forward, unperturbed case (i.e., the
base case).

4 8V=2000V

Perturbed Case

(b) Direct, perturbed case.

Perturbed yBv
Ky

Reverse Case

(c) Time-reversed case.

Figure A.3: MICHELLE simulations of
an electron beam propagating between two
boundaries. Adapted from [41].

find the relation between the sensitivity function and the directly perturbed beam in Fig. A.3b

[41]. It is important to reiterate the process described above only requires a single additional

run of the MICHELLE code, the case of the time-reversed beam, that is, to arrive at the adjoint

solution, rather than simulating each misalignment individually [41].
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Appendix B:  Additional HFSS Simulation Results

B.1 Overview

This appendix serves to provide HFSS simulation results for geometries mentioned
throughout this text for which there was insufficient room to include them in the thesis body.
Numerous points made in the previous sections are clarified here by examining the results

provided.

B.2 “Additional Adjustments” S-Parameters

The HFSS simulations for S;; and S,; in this section correspond to the “additional
adjustments” described in Sec. 4.6. A more thorough description of each adjustment is included

in the list below followed by the simulation results.

* Input Step Width (ISW): The distance the fillet protrudes from the SWG (in the

Z-direction). Altering the ISW dimension does not affect the fillet radius.

* Input/Output Taper Length (IOTL): Taper ramp length. This ramp is defined to be the

distance in = beginning at the IOSTT’s end and extending to the beginning of the WR-28.

* Input/Output Step-Out to Taper (IOSTT): The distance in 2 from the fillet’s center to
the taper ramp’s beginning.
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Figure B.1: HFSS reflection and transmission simulation results for the two adjustments made to the
ISW dimension in vacuum space model compared to the parameter’s original value.
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Figure B.2: HFSS reflection and transmission simulation results for the two adjustments made to the
IOTL dimensions in vacuum space model compared to the parameters’ original values.
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Figure B.3: HFSS reflection and transmission simulation results for the two adjustments made to the
IOSTT dimensions in vacuum space model compared to the parameters’ original values.

B.3 CAD Model Verification

To create the misaligned structures shown in Fig. 5.1a and Fig. 5.1b, the CAD model in
Fig. 4.10 (an aligned geometry), which we will define as the “solid” geometry was split using
the z-z half-plane. This new, cut model is defined as the “split” geometry, which is saved as a
separate file from the “solid” geometry. Both these vacuum space models were created in the
CAD software SolidWorks, as mentioned previously, and exported as *.stp file. The *.stp file
was then imported into HFSS to carry out the electromagnetic simulations.

Geometry discrepancies commonly arise when importing CAD models into HFSS, which
is out of the user’s control. The only way to avoid this issue is to create the model in HFSS
itself, but this was not done for this research due to the mechanical team’s better familiarity with
SolidWorks and contractual time constraints. For this reason, it was imperative to ensure the split,
aligned geometry [i.e., a misalignment of (x, z) = (0, 0)] exhibits the same, or very close to the

same, S-parameters as the solid geometry. This was done by simulating both the solid geometry
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Figure B.4: HFSS reflection and transmission simulation results for the solid geometry CAD model
and the split, aligned CAD model.

as well as the split, aligned geometry. The resulting S-parameters from these simulations are

shown in Fig. B.4.

It is apparent from Fig. B.4 both structures exhibit almost identical S-parameters. Both
structures’ standing wave periodicity is preserved, as seen in Fig. B.4a, and there are only four,
1 dB deviations in S;; magnitude at ~31.50 GHz, ~37.75 GHz, ~38.25 GHz, and ~39.75 GHz.
These small deviations occur at levels below 25 dB down, confirming they are insignificant. The
So1 response for both structures in Fig. B.4b also confirms nearly identical model behavior with
few deviations, all of which with magnitudes much less than 1 dB.

For the reasons described in the previous paragraph, we conclude the solid geometry model

exhibits the same RF characteristics as the split, aligned model, as expected.
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