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Abstract—Microfabricated folded waveguide traveling-wave
tubes (TWTs) are potential compact sources of wide-band,
high-power terahertz radiation. We present feasibility studies of
an oscillator concept using an amplifier with delayed feedback.
Simulations of a 560-GHz oscillator and experimental evaluation
of the concept at 50 GHz are presented. Additionally, results from
various fabrication methods that are under investigation, such
as X-ray lithography, electroforming, and molding (LIGA), UV
LIGA, and deep reactive ion etching are presented. Observations
and measurements are reported on the generation of stable
single-frequency oscillation states. On varying the feedback level,
the oscillation changes from a stable single-frequency state at
the threshold to multifrequency spectra in the overdriven state.
Simulation and experimental results on amplifier characterization
and dynamics of the regenerative TWT oscillator include spectral
evolution and phase stability of the generated frequencies. The
results of the experiment are in good agreement with the simula-
tions.

Index Terms—Delayed feedback oscillator, folded waveguide
(FWG) traveling-wave tube (TWT), frequency spectrum, high
power, microfabrication, phase, terahertz radiation, wide-band.

1. INTRODUCTION

HE TERAHERTZ (THz) region of the electromagnetic
spectrum (~300-3000 GHz in frequency or ~0.1-1.0-mm
free space wavelength) has enormous potential for high data rate
communications, advanced electronic materials spectroscopy,
space research, medicine, biology, surveillance, and remote
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sensing [1]. However, this region of the spectrum still remains
one of the most unexplored. Using carrier frequencies above
300 GHz, oscillator and amplifier sources with ~ 10% frac-
tional bandwidths would enable very high data rate (>10Gb/s)
wireless communications with high-security protection. The
shorter wavelengths at these frequencies allow the use of smaller
and lighter components, which is important in military and
space-borne applications, where size and weight are a prime con-
cern. In addition, the atmospheric attenuation of millimeter and
submillimeter waves is relatively low compared with infrared
and optical wavelengths [2]. Adequate power sources in the THz
regime would also enable imaging of biological tissue, where
specific absorption rates (SARs) are large and, hence, require
more power.

However, the critical barrier to full exploitation of the THz
band is the lack of compact, powerful (1-1000 mW), coherent
radiation sources that are efficient (> 1%), frequency agile
(instantaneous bandwidth > 1%), reliable, and comparatively
inexpensive [3]. Gas lasers are candidate sources of coherent
power at the upper end of this frequency range. However, they
have small bandwidths and probably have limited applicability
particularly in airborne or space-borne systems because of size
and weight considerations [4]. As a spectroscopic source, they
are relatively expensive. Quantum cascade lasers [5] can be
designed to emit radiation over a wide range of wavelengths,
and they outperform diode lasers in terms of power and current
handling capability. Solid-state devices such as Gunn or
IMPATT diodes can produce 1-10 mW of power at 300 GHz
[6]. They have very low output power at frequencies higher
then 300 GHz due to mobility limits on electrons. To operate
at higher frequencies, frequency multipliers may be used [7].
However, the multiplication efficiency of the device decreases
with increasing harmonic number, thereby producing low
output power at low efficiency.

Quasi-optical arrays using solid-state sources are another
option. They are currently being researched at microwave and
millimeter-wave frequencies [8]. Typical fast wave vacuum
electron devices in the THz regime such as gyrotrons [9] and
free electron lasers (FELs) [10] tend to be large and expensive
and require high voltage, unsuitable for most of the applications
cited above. THz regime klystrons are being examined at the Jet
Propulsion Laboratory, Pasadena, CA [11], and the University
of Leeds, Leeds, U.K. [12], and transit time oscillators at the
University of Michigan, Ann Arbor [13]. Currently marketed
grating-based backward-wave oscillators (BWOs) are good
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for spectroscopy applications, but are not readily adapted for
applications involving rapid signal modulation. In general,
BWOs have relatively narrow instantaneous bandwidths, are
heavy, require bulky magnets, have low efficiencies, and
do not provide an amplifier configuration option [14], [15].
THz-regime cross-field amplifiers would have an unrealistically
high magnetic field requirement. Traveling-wave tubes (TWTs)
have demonstrated capabilities consistent with ~ 100 W at
100 GHz [16]. Also they would appear to provide substantial
bandwidths. However, other than one or two rare instances
[17], they have received very little study as candidate sources
of radiation above 100 GHz.

To address the need and issues for THz-regime sources,
we are researching the prospects for microfabricated folded
waveguide (FWG) TWTs [18]-[20]. Microfabricated vacuum
electron devices (u#VEDs) are a blending of available tech-
nologies in conventional vacuum and solid-state electronics.
It is expected that some of the limitations on circuit size and
precision three-dimensional (3-D) fabrication which arise in
vacuum electronics, and electron mobility and heat transfer
encountered in solid-state electronics, will be overcome.

This paper describes studies of FWG TWTs for THz
amplifiers and oscillators. A conceptual design of a 560-GHz
amplifier is first examined in Section II in order to identify fea-
sible amplifier performance specifications and representative
circuit dimensions and electron beam parameters. Subse-
quently, in Sections II-V, the article examines in greater detail
the characteristics of a THz regime regenerative oscillator
by combining a forward-wave TWT amplifier with delayed
feedback. Issues of interest to the investigation of this oscillator
configuration include: 1) the prospects for stable, single-fre-
quency operation; 2) identification of physical parameters
with promising potential for signal modulation and control;
3) instantaneous bandwidth available for modulated signal
transmission; and 4) an assessment of technologies available
for circuit fabrication. Therefore, the second part of Section II
discusses numerical simulations of a 560-GHz regenerative
FWG TWT oscillator. Section III describes the design of a
scaled experiment at 50 GHz to acquire information on the
first three issues cited above related to this particular oscillator
configuration. Between the 50-GHz and THz oscillator, the
periodicity, transverse dimensions, and, to a lesser extent, the
circuit length scales as the free space wavelength. Section IV
presents and discusses the experimental results. Results of
research into various circuit fabricating technologies are
discussed in Section V. Finally, the paper is summarized in
Section VL.

II. AMPLIFIER AND OSCILLATOR DESIGN AT 560 GHz

Designing FWG TWTs to meet gain, bandwidth, power, and
operating frequency band specifications is nontrivial due to the
dispersive properties of the circuit, the effect of beam space
charge on the gain and operating bandwidth, and the effect of
ohmic wall losses, which are significant at THz-regime fre-
quencies. To realize an efficient and reliable design approach,
we have coordinated the use of several recently developed
computational tools: MAFIA, HFSS, TWA3, and CHRISTINE.
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Fig. 1. FWG circuit sketch. Indicated are the transverse dimensions, a and b
of the rectangular guide, the beam hole radius 1, the average radius R..,, and
period p of the serpentine structure.

TABLE I
DIMENSIONS OF 560-GHzZ FWG SLOW-WAVE CIRCUIT

Parameter Dimension (um)
b 43
a 300
Ravg 33
L 32
Ie 10
p 66

Slow-wave circuit propagation properties are obtained using the
3-D simulation codes MAFIA [21] and HFSS [22] and used as
input into the TWT interaction codes TWA3 [23] and CHRIS-
TINE [24] to determine gain and power transfer characteristics.
In addition, the time-domain, particle-in-cell simulation feature
of MAFIA has allowed us to conduct interaction simulations
as well as qualitative examinations of transient startup and
frequency spectra in THz-regime oscillators that utilize a FWG
TWT as the active gain part of the device.

Applying the suite of computational models, we have devel-
oped realistically achievable designs for a 560-GHz amplifier
and a delayed feedback oscillator. A schematic of the FWG
TWT circuit is shown in Fig. 1. The dimensions and representa-
tive geometry are shown in Table I. In the design, several options
for power feedback to achieve oscillation with a forward-wave
TWT were considered. Calculations revealed that a Fabry—Pérot
approach of reflecting the forward power backward along the
FWG circuit is impractical due to high ohmic losses suffered
by the reflected wave at THz frequencies. Moreover, any signif-
icant advantage of such a means to produce an oscillator over
the BWO configuration was not apparent. However, recircu-
lating a fraction of the forward wave back to the input of the
circuit is a viable option. To minimize unintended loss in the
recirculated power leg of actual devices one may up-taper the
small lateral dimension of the rectangular waveguide. The dis-
persion diagram is shown in Fig. 2 and the on-axis interaction
impedance and attenuation (wall conductivity was assumed to
be about 4 x 10" S/m) are shown in Fig. 3.

Fig. 4 shows the results of a calculation of the small-signal
gain for a short, 6.6-mm-long section of the circuit, assuming a
10.9-kV 0.5-mA electron beam. The gain was calculated with
several different computational models and compared. The
MAFIA simulations were done for a lossless circuit only, but
the agreement with the parametric code TWA3 is excellent.
Furthermore, both TWA3 and CHRISTINE agree in predicting
approximately 10-dB gain between 520 and 580 GHz (a 10%
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Fig. 2. Simulated dispersion for a forward-wave TWT amplification using
a FWG circuit with a 10.9-kV beamline (short dash). For reference, a
backward-wave interaction is also indicated (long dash is higher voltage beam
line).
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Fig. 3. MAFIA simulated on-axis interaction impedance and attenuation for
FWG circuit.

fractional instantaneous bandwidth) when wall losses are
included.

To investigate achievable levels of output power, large-signal
simulations were also undertaken. For this example, a
2.5-cm-long circuit was predicted using CHRISTINE to
produce ~ 23 dB of gain at 560 GHz. Saturated output power
was predicted to be ~ 73 mW, as shown in Fig. 5. Analytic
estimates of the losses experienced in the recirculation leg
combined with the predicted forward gain lead to an approx-
imate prediction of steady-state radiated power of ~ 56 mW
at 560 GHz. This represents an intrinsic efficiency of 1%,
assuming stable oscillator operation can occur near saturated
single-pass amplification condition. It should be noted that
increased device efficiency and decreased waste heat dissipa-
tion at the beam collector could be expected from the use of a
depressed voltage collector.

A. Simulation of Feedback Oscillations

The simulation code MAFIA was used for the investigation
of frequency evolution with variable feedback. The simulations
were carried out for oscillator circuit operating parameters as
listed in Table II. Extensive computation times necessitated
several compromises in the simulations: 1) a small length of
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Fig. 4. Comparison of gain predictions for a 6.6-mm-long FWG TWT
designed to operate at ~ 560 GHz using MAFIA (lossless), TWA3 (lossless
and lossy), and CHRISTINE (lossy). The simulation assumes a 10.9-kV
0.5-mA electron beam.
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Fig. 5. Drive curve predicted by CHRISTINE for a 2.5-cm 560-GHz FWG
TWT amplifier and 10.9-kV 0.5-mA electron beam. Saturated power is about
73 mW.

TABLE 11
OPERATING PARAMETERS OF THE 560 GHZ FOLDED WAVEGUIDE OSCILLATOR
FOR MAFIA SIMULATIONS

Quantity Value
Beam current (mA) 0.5
Beam voltage (kV) 10.9

Axial magnetic flux density (T) 0.67
Beam radius /beam tunnel radius (ry/r;) 0.5

the circuit was considered which provided a forward gain of
approximately 9.75 dB and 2) the length of the simulation time
was limited by allowing the oscillator to run for a maximum
of approximately nine full round-trip transits of the electro-
magnetic energy. From the dispersion curve for the slow-wave
circuit, we know that an RF wave propagating at 560 GHz
will have a phase velocity normalized to the speed of light, or
Up/c» approximately equal to 0.2. A point of constant phase
on the same RF wave will travel in the recirculation leg at
approximately 1.8c as a TE;y wave. Thus, the total time for
a constant phase point of this wave to propagate the entire
structure ¢, can easily be estimated as listed in Table III (cf.
Fig. 6).

Next, attenuation in the recirculation leg was modeled. The
small-signal gain of the FWG circuit length is about 9.75 dB;
thus, we included 8 dB of loss so as not to quench oscillation
completely. The loss was simulated by filling a portion of the
rectangular waveguide in the recirculation leg with dielectric
having a finite conductivity of 0.5 S/m. Initial simulations of the
recirculation leg without the FWG circuit were carried out to
determine the value of conductivity providing the desired loss,
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TABLE III
560-GHz SIMULATED FOLDED WAVEGUIDE OSCILLATOR PARAMETERS

Quantity Value
Liot (cm) 1.01
Luwg (cm) 0.055
Number of folded waveguide cavities 154
Approximate time to complete one complete path, t, (ns) 0.19
Total simulation time t (ns) 1.71
Average number of path periods, ng, 9

Lug

|auen

Fig. 6. Schematic illustration of simulated 560-GHz FWG TWT oscillator.

without introducing significant reflections due to mismatch
between the vacuum and dielectric region in the rectangular
waveguide. By performing S-parameter simulations, we
found that filling the waveguide with this material provided
1837.85 dB/m of loss at the center frequency of 560 GHz
without causing significant reflections. Thus, we defined the
lossy section with a length of 4.354 mm to obtain 8 dB of
attenuation. The length of dielectric l,tten, as shown in Fig. 6,
was varied to achieve four cases: total attenuation in the return
path of: 1) 0 dB; 2) —8.75 dB; 3) —9.75 dB; and 4) —10.75 dB.

An electron beam was defined with parameters as shown in
Table II, and the time-varying fields were monitored at several
locations within the simulated geometry. Discrete Fourier
transforms (DFTs) were performed on the time-varying electric
fields at a position p1 in the return path (see Fig. 6) to investi-
gate how the excitation frequency evolved with time. Fig. 7(a)
illustrates an overdriven case of large feedback with 0-dB
return path loss. The spectrum does not lock into any single
frequency, and a broad multifrequency oscillation spectrum
over the 528-580-GHz regime is observed. When the return
path loss is increased to approximately —8.75 dB, the oscillator
appears to self-select two preferred frequency states around
520 and 580 GHz [Fig. 7(b)]. When the loss is further increased
to —9.75 dB, preferential oscillation in a single-frequency
state at 580 GHz is seen [Fig. 7(c)]. Finally, when the loss is
increased to 10.75 dB, there is no spontaneous signal growth,
as the loss in the return path exceeds the forward gain.

B. Time—Frequency Analysis

When the (time-integrated) DFT spectrum shows multiple
frequencies, it is of interest to know whether this represents
unstable hopping between the frequencies or simultaneous
generation of multiple frequencies. If stable multifrequency
components are generated, one could use a filter system to
suppress unwanted frequencies. If hopping between frequen-
cies occur, it implies the need to back off on feedback to get
stable oscillator output. DFTs do not provide the answer to
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Fig. 7. Simulations showing frequency selection for the 560-GHz oscillator.
(a) 0-dB loss. Overdriven feedback having multifrequency oscillation states.
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Fig. 8. Time—frequency analysis. (a) Intermediate feedback (—8.75 dB return
loss). (b) Critical feedback (—9.75 dB return loss).

this question of simultaneous multifrequency generation or
hopping, particularly when the spectral evolution occurs on a
relatively rapid timescale. As the time window is narrowed,
one loses resolution and the information gets distorted. Joint
time—frequency analysis eliminates the uncertainty of the
windowed DFT [25]. Williams [26], [27] developed reduced
interference distributions to provide high time—frequency
resolution with minimization of cross terms and interference.
Williams’ binomial time—frequency distribution program was
utilized earlier for the time—frequency analysis of modulation
in high-power microwave sources [28]. In this study, it was
used to analyze data from the MAFIA simulations for the
—8.75 and —9.75 dB cases of return path loss.

Fig. 8 shows the results for the intermediate feedback case
of —8.75 dB of return path loss [Fig. 8(a)] corresponding to
Fig. 7(b). The instantaneous spectrum is observed to be rapidly
hopping between two preferred frequency states at 520 and
580 GHz. For critical feedback at —9.75 dB return path loss the
frequency hopping is not observed. The oscillator is observed
to have settled into one “preferred” state at 580 GHz [Fig. 8(b)],
corresponding to Fig. 7(c).

When Fig. 8(b) or Fig. 7(c) is described as single moded,
it should be understood that this is a qualitative characteriza-
tion. To achieve fully stabilized, single-moded behavior with a
narrow line spectrum, it would have been necessary to run ei-
ther many more simulations with very small changes in the re-
turn path attenuation or to run the simulations much longer, well
into equilibrium. Neither of these options was feasible, due to
the long run times required for these simulations. Therefore, it
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Fig. 9. Schematic of the experimental system for the 50-GHz FWG TWT
oscillator. C: collector; E: electron gun; RW: rectangular waveguide (WR19);
WT: waveguide transition (WR19 to WR22); RC: rectangular to coaxial
adapter; CC: coaxial cable; RB: rectangular bend; VA: variable attenuator;
TC: T coupler; FA: fixed waveguide attenuator; SA: spectrum analyzer; PC:
computer.

was necessary, instead, to rely on the qualitative differences ob-
served in the cases completed to illustrate the general nature of
the dynamics. More precisely, it can be asserted that Fig. 7(c)
is distinctly different than Fig. 7(b) in that there is a clear pre-
dominance of radiation in Fig. 7(c) at 580 GHz compared to
Fig. 7(b), which has two comparable intensity spectral peaks at
approximately 520 and 580 GHz. Fig. 8(b), corresponding to
Fig. 7(c), shows that, again, the spectral content strongly favors
the 580-GHz state. Fig. 8(a), corresponding to Fig. 7(b), clearly
is hopping between 520 and 580 GHz with roughly equal time
spent at each state. It is expected that very slightly increasing the
return path loss would produce a simulation with a more stable
single-frequency oscillation [than Fig. 7(c) or Fig. 8(b)]. How-
ever, the main point to draw from these simulations and analyses
is that the two (or multiple) frequency oscillation behaviors as-
sociated with large feedback (low return path attenuation) in-
volve frequency hopping, not stable, simultaneous oscillation
at multiple frequencies, and that increasing the return path loss
is indeed the primary “control” variable responsible for single-
versus multiple-frequency operating states.

III. EXPERIMENTAL SETUP AND METHODS

The basic operating principles of a TWT oscillator with re-
circulated feedback are not known to have been previously re-
ported. There are a number of important fundamental issues
to investigate concerning oscillation thresholds and oscillation
states. Since FWG TWTs can have up to 30% bandwidth, it is
an interesting question to determine what frequency (or frequen-
cies) will be self-selected in the saturated oscillation state. The
fraction of output power that is fed back to the input is expected
to affect whether the device operates below start oscillation, at
critical oscillation equilibrium, or in an overdriven state.

To investigate the physics of the oscillator, a scaled experi-
ment at 50 GHz was carried out. Details on the conceptual de-
sign and fabrication of the 50-GHz FWG TWT amplifier can be
found in [29]. The capability of FWG TWTs for forward-wave
amplification with appreciable power and bandwidth has been
previously demonstrated [29].

Fig. 9 shows a schematic of the experimental assembly. The
amplifier has been converted into an oscillator by using an ex-
ternal feedback loop which consists of waveguide components,
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Fig. 10. Spectral evolution with feedback attenuation. Figures (a)-(f) represent
different values of total feedback attenuation. (a) —28.0 dB. (b) —26.0 dB.
(c) —15.1dB. (d) —8.25dB. (¢) —7.0 dB. (f) —2.5 dB.

a variable attenuator to vary the level of output power fed back
to the input, and a T coupler for coupling a fraction of the output
power into a spectrum analyzer for measurement purposes.

The beam voltage and current are 20-21 kV and 60—-100 mA,
respectively. Measurements were made in a pulsed mode with
200-pus-long pulses with a repetition rate of 5 pulses/s. The gen-
erated frequency spectrum was observed using a HP 8565 E
(30 Hz-50 GHz) gated spectrum analyzer.

IV. EXPERIMENTAL RESULTS
A. Spectral Evolution

By varying the attenuation in the feedback leg using the
variable attenuator, we observed the self-selected oscilla-
tion frequencies at different feedback power levels. The
total attenuation in the feedback leg can be varied between
~ —3 and —30 dB over the 40-50-GHz range. This includes
losses by all RF components and cables. At full attenuation,
no oscillations are observed at any frequency [Fig. 10(a)].
The critical feedback threshold appears at ~ —26 dB where
stable single-frequency oscillations at 43.4 GHz are observed
[Fig. 10(b)]. The single-frequency oscillations persist until
—15.1 dB [Fig. 10(c)], where a second frequency at 42.5 GHz
appears. At —8.25 dB feedback, the frequency at 43.4 GHz
has disappeared while a new oscillation at 43.6 GHz appears
along with the one at 42.5 GHz. At —7.0 dB, frequencies at
42.7, 43.1, and 43.6 GHz appear [Fig. 10(e)]. Finally, at even
lower levels of attenuation, no clear tendency is observed, and
the spectrum consists of many frequency components in the
range of 40-50 GHz as indicated in Fig. 10(f). This observation
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Fig. 12. Frequency response of the feedback circuit with the values of the
variable attenuator as a parameter.

shows good qualitative agreement with the MAFIA simulations
in Section II-A.

The total integrated spectral power Pr (in dBm) can be eval-
uated from

&zZHm (1

where P(f;) is the output power at a particular frequency f;
that is distinctly visible above noise floor. Fig. 11 shows a plot
of Pr versus feedback attenuation. It is seen that the total gen-
erated power (measured at the exit of the TWT) varies between
0.03 and 10 W (1540 dBm). The total power jumps at the at-
tenuation changes where oscillations appear or disappear (see
Fig. 10). For example, a sharp increase in power is seen at —6 dB
where many frequencies appear.

B. Frequency Response of Feedback Leg

The frequency response of the feedback circuit was mea-
sured using a Hewlett—Packard 83 650 L swept continuous-wave
(CW) generator (10 MHz—50 GHz). The synthesizer was swept
in the continuous mode in the range of 40-50 GHz. Fig. 12
shows the generated response of total feedback attenuation A
versus frequency for variable attenuation values of —4.5, —5.75,
—9.5, —14, and —19.6 dB, respectively. With increase in fre-
quency, A ¢ shows a very slight, monotonic decrease, consistent
with the theoretical dependence of loss with frequency for a con-
stant resistivity

loss ox e~V ™ fHooz )
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Fig. 14. Drive curve for the FWG TWT amplifier as simulated by CHRIS-
TINE at 43 GHz, 20.75-kV beam voltage, and 60-mA beam current.

where f is the frequency, y, is the permittivity of free space, o
is the wall conductivity (inverse of resistivity), and z is the axial
distance. This measurement established that the level of attenu-
ation in the feedback circuit does not determine the oscillation
frequency.

C. Small Signal Gain and Cold Circuit Loss

The small signal gain of the FWG TWT amplifier was mea-
sured in the frequency range of 40-50 GHz, in steps of 1 GHz.
Fig. 13 shows the result on two different runs of the experiment,
represented by dark triangles and squares. On the same plot
shown by a line is the result of simulation for a beam voltage
of 20.75 kV and a beam current of 60 mA. The simulations
were conducted using CHRISTINE [24]. The maximum gain
is about 27 dB at ~ 43 GHz. Excellent agreement is observed
between the experiment and simulation results. By shutting off
the beam, the cold-circuit loss of the FWG TWT amplifier was
measured in the above frequency range. This information was
used in the simulations. The important conclusion was that the
maximum small signal gain occurs between 42 and 44 GHz, pre-
cisely where the self-selected oscillations are observed.

D. Drive Curve: Py, Versus P,y

Fig. 14 shows the CHRISTINE-simulated drive curve for
the FWG TWT amplifier at 43 GHz (location of maximum
gain). Saturation is predicted to occur for input power levels
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of ~ 25 dBm. The predicted saturated output power is 36 W
(~ 46 dBm) and is greater than the experimentally measured
maximum total output power of the oscillator (10 W) at 43 GHz.
Experimental verification of the drive curve was not possible
due to limitations on the maximum output power capability
(~ 5 dBm) of the synthesizer. Predicting the maximum oscil-
lator power (and efficiency) from the amplifier characteristics
is a subject of continuing study. It is interesting to note that
the small signal gain is 26 dB, which is equal to the maximum
attenuation that will allow a single-frequency oscillation. This
is in agreement with theory and with MAFIA simulations for
the 560-GHz oscillator.

E. Feedback Phase Stability of Oscillations

To examine the stability of the oscillations (42-44 GHz) to the
feedback signal’s phase, a ) band (33-50 GHz) phase shifter
(Hughes 4752H-1000) was placed in the feedback circuit. The
phase of the feedback signal was varied from O to 360° with re-
spect to the input signal and changes in the oscillation spectrum
were recorded.

Fig. 15 shows the sensitivity of the oscillations to changes
in feedback phase. Measurements were made for cases where
single-frequency oscillations were observed close to critical
feedback (—22 and —18.5 dB). It is seen that the oscillations
show some sensitivity to changes in phase ¢ over 0-360°.
At —22.1 dB the frequency remains locked over ranges of ¢
extending from 60 to 220°, while at other values of ¢ there
can be a change in the frequency of up to 1 GHz. This fact that
the frequency does show sensitive dependence on the feedback
signal’s phase is a subject of continuing investigation.

F. Some Implications of the Results of Modeling and
Experiments

Based on the preceding simulation and experimental observa-
tions, we may draw some inferences on the extension of FWG
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TWTs to the THz regime. As an alternative to BWOs, there ap-
pear to be several intrinsic differences to be appreciated. First,
as indicated by the two different beam lines in Fig. 2, to op-
erate as a FWG BWO at the same frequency as the regenerative
FWG TWT oscillator, it is either necessary to work at approx-
imately five times higher voltage or significantly smaller pitch
p (for BWO operation in the first Brillouin zone) or else to op-
erate at a higher space harmonic. In the latter case, one must
accept a lower interaction impedance which will decrease the
growth rate, increase the device length, and reduce intrinsic de-
vice efficiency.

However, even more interesting for the regenerative for-
ward-wave oscillator configuration are potential opportunities
for modulated signal generation. Other than “brute force”
pin-diode amplitude modulation of the output, there are few
options with a BWO besides modulation of the beam voltage
or current. If thermionic cathodes are used, such beam mod-
ulations are necessarily low frequency, limited by parasitic
capacitance in the electron gun. Moreover, they require either
high-voltage control supplies or at least control supplies
floating at high (cathode) voltage. In contrast, the results of
our study of regenerative oscillators suggest several intriguing
possibilities for signal modulations that deserve future inves-
tigation. For example, the results of Figs. 10 and 15 suggest
bistable behaviors that could enable modulation schemes using
an electronically controlled active element within the return
path leg. For example, by operating close to the oscillation
threshold on feedback attenuation, small modulations in the
return path attenuation are expected to yield an amplitude
modulated carrier, as one alternately exceeds or drops below
the oscillation threshold attenuation level. Fig. 15 suggests
another interesting possibility, in which small, rapid changes in
the return path phase enable a bistable frequency modulation
between two frequencies, f; and fo separated by ~ 1 GHz.
Digital encoding based on the frequency states is envisioned
with f; = 0 and f, = 1. Although these modulation schemes
might seem simplistic in comparison to techniques used below
100 GHz, one must keep in mind some of the costs and chal-
lenges expected of synchronous detection and demodulation
schemes at THz frequencies. Indeed, one of the attractions
of THz-based data transfer schemes is that with so much
“bandwidth to spare,” simplified and inexpensive modulation
methods such as AM and bistable FM become much more
practical than at millimeter-wave or microwave frequencies.
The ultimate limit on symbol rates would be determined by the
equilibration time of the oscillator, which is several round-trip
transits, according to the simulations. This would correspond
to ~ 1 ns or faster for THz oscillator designs envisioned.

While the regenerative feedback oscillator configuration ap-
pears to offer more options for signal control than a BWO, the
results thus far do not establish whether the maximum saturated
efficiency available to single-pass amplificiation is available to
the regenerative oscillator or whether stability constraints limit
the oscillator efficiency to a lower value. Finally, the issues that
are expected to be important for the THz device but are of lesser
importance for a millimeter-wave device (e.g., the experiment
at 50 GHz) include fabrication, beam transport, vacuum main-
tenance, and circuit losses.
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Fig. 16. SEM image of the edge of a LIGA-produced FWG TWT circuit. Note that the surface roughness is much less than 1 gm (the indicator mark at the

bottom of the image represents 0.2 ©m).

V. FABRICATION METHODS AND RESULTS

A. LIGA Microfabrication

We have investigated two main methods of microfabrication
namely lithography, electroforming, and molding (LIGA)
and deep reactive ion etching (DRIE). LIGA is a German
acronym standing for “Lithographic Galvonoformung Ab-
formung.” In LIGA, three different techniques, depending
upon the nature of irradiation, have been looked at, namely:
1) X-ray: polymethylmethacrylate (PMMA)/X-ray : PMMA;
2) UV :SU-8/X-ray : PMMA; and 3) UV:SU-8. In the first
method, X-ray:PMMA/X-ray:PMMA, a low-aspect ratio
(LAR) Au mask has been produced with X-ray irradiation of
PMMA positive resist followed by resist development and Au
electroplating [30]. The Au X-ray mask is used to expose a
second high-aspect ratio (HAR) PMMA resist with X-rays
to develop the HAR mold that will be filled by Cu electro-
plating. In the second technique, UV :SU-8/X-ray : PMMA,
the LAR X-ray mask is produced by irradiating SU-8 negative
photoresist with UV radiation followed by development and
Au electroplating [31]. This X-ray mask is then used, as in
the first case, for X-ray exposure of PMMA to produce the
HAR PMMA mold for copper electroplating. The third process
(UV :SU-8) involves a single step of exposing SU-8 with UV
to produce a HAR mold for copper electroplate fabrication
of the FWG circuit. Aspect ratio in this context is defined as
the ratio between the serpentine wall height and the width. A
typical example of a LAR mask feature would have an aspect
ratio 1: 1 or smaller. In contrast, a HAR mold feature’s aspect
ratio might be 4 : 1 or greater.

In the PMMA X-ray LIGA process [process 1)], graphite
substrates were used. Experiments demonstrated that this pro-
vided more reliable adhesion to the PMMA than copper sub-
strates. In exchange for better PMMA-to-substrate adhesion,
using graphite substrates introduces an alternative complexity
[32]. After filling the PMMA mold with electroplated Cu, the

Fig. 17. (a) Illustrative PMMA electroplating mold obtained after X-ray
exposure and resist development. (b) Magnified view of the FWG structure.

graphite substrate must be lapped away and replaced by addi-
tional electroplated Cu. Fig. 16 shows a scanning electron mi-
croscope (SEM) image of the edge of a LIGA-produced FWG
circuit. The important observation is that the surface roughness
is much less than 1 pm (the indicator mark at the bottom of the
image represents 0.2 pm). This bodes well for realizing high
conductivity copper walls desired for THz regime circuits with
minimized losses. However, it still remains necessary to develop
a procedure for fixturing and aligning two circuit halves to better
than 10 pm, prior to bonding, as required for 400-GHz and
higher frequency circuits. Another challenge associated with
this process is extended total process times, due to the combined
requirements for thick PMMA resist layer coating, X-ray expo-
sure times, and electroplating time.

In the LIGA process [process 2)], significant advantages
were realized by significantly shortening the LAR X-ray mask
development cycle time. In particular, the SU-8 photoresist
has a much faster exposure time and obviates the need to wait
for synchrotron time for X-rays. Fig. 17 shows an illustrative
PMMA electroplating mold obtained after X-ray exposure
and resist development. This specimen was obtained from
an X-ray mask that had been developed using the UV : SU-8
exposure-and-development process. Some UV : SU-8 process
optimization was required (e.g., optimizing the exposure
dose) to minimize swelling in the exposed-and-developed
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Fig. 18. HAR mold for copper electroplating with a 250-zm-high wall and a
100-gem circuit pitch for a 400-GHz FWG TWT circuit, produced completely
by a UV : SU-8 process.

SU-8 structures. However, this optimization was relatively
straightforward to achieve owing to the relatively quick process
development cycle times.

Ultimately, developing the HAR copper electroplating mold
solely with UV-exposed-SU-8 LIGA [LIGA process 3)] may
offer an attractive, manufacturable process due to the relatively
fast development cycle time and the lack of need for a syn-
chrotron radiation source for X-rays. In an exploratory experi-
ment, it was successfully demonstrated that a UV : SU-8 process
could produce HAR molds for copper electroplating with di-
mensions and tolerances suitable for 400-GHz FWG TWT cir-
cuits. Fig. 18 illustrates one such example with a 250-ym-high
wall and a 100-pm circuit pitch. The turn-to-turn uniformity
was excellent (typical of photolithography-based fabrication).
The next steps to produce a completed FWG circuit would be to
flash evaporate a thin conductive sacrificial layer, such as alu-
minum, copper electroplate, and then separate mold and circuit
by dissolving the sacrificial electrode layer.

B. DRIE

DRIE is an anisotropic reactive ion (plasma) process for mi-
crofabricating HAR structures in silicon through many repeated
cycles of etching followed by passivating sidewalls via poly-
merization (creating a teflon-like film on the sidewalls). Typ-
ical etching masks are either SiOy or PMMA, with common
mask-to-silicon selectivity ratios of 100: 1 (PMMA) and 150: 1
(S109), respectively. With the DRIE technique, one can produce
serpentine waveguides either by etching serpentine trenches and
coating them with conductor thin films or by using the etched
Si structures as electroplating molds, similar to LIGA. As with
LIGA, structures with a very high aspect ratio are possible and
optimization can yield optically smooth sidewalls [33].
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micromachined 400 GHz
folded waveguide TWT circuit

~(b)

Fig. 19. Images of a prototypical 400-GHz serpentine trench etched in Si
using DRIE. These particular results were obtained using a 4-pm-thick PMMA
layer as both the photoresist and the etching mask (after resist development).
(a) Optical microscope image. (b) SEM image.
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Fig.20. SEM image showing the approximately 200-ym-deep trench obtained
for the case shown in Fig. 19. The sidewall smoothness is better than 1 pm,
similar to that of the LIGA example shown in Fig. 16.

Fig. 19 shows both optical microscope Fig. 19(a) and SEM
images Fig. 19(b) of a prototypical 400-GHz serpentine trench
etched in Si using DRIE. The process is relatively straightfor-
ward. These particular results were obtained using a 4-pm-thick
PMMA layer as both the photoresist and the etching mask (after
resist development). An approximately 200-pm-deep trench
was obtained in this particular experiment, as shown in Fig. 20.
Inside the trench, the sidewall smoothness was better than
1 pm, similar to that of the LIGA example shown in Fig. 16.
Again, the tolerances for the circuit dimensions were excellent
(~ 1 pm), consistent with the use of a photolithographic
process. Fig. 21 is a close-up view of a gold sputter-coated
DRIE trench sidewall. In this view, the surface roughness inside
the trench is revealed to be approximately 0.1 pm. Experiments
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Fig. 21.  Close-up view of a gold sputter-coated DRIE trench sidewall. Note
that the surface roughness is revealed to be approximately 0.1 pm.

are underway to fabricate, align, and bond two such waveguide
halves together and measure the electromagnetic waveguide
properties. A significant advantage with the DRIE approach
is that aligning two halves to within ~ 1 pum accuracy and
bonding them should be feasible using commercially available
Si wafer backside alignment and bonding techniques that
are used extensively in Si microelectromechanical systems
(MEMS) fabrication.

While all the methods of microfabrication appear to work,
the desired method will be determined by many factors. Faster
turn around and relatively quick development cycle times
are a major requirement for large scale microfabrication.
The all-X-ray LIGA process takes about one to three weeks
to prepare masks and two to four weeks for completion of
first electroplating. The necessity of a source for synchrotron
radiation for X-rays can sometimes be a major hurdle. The
all-UV : SU-8 technique appears to be the fastest, requires one
to two days for preparation of masks and two to seven days for
completion of first electroplating. Moreover, pattern transfer
and resist adhesion were very good. This LIGA method does
not require an X-ray source. The exposure can be done in-house
with a UV source. On the other hand, the DRIE method allows
one to directly produce serpentine waveguides either by etching
serpentine trenches and coating them with conductor thin
films or by using the etched Si structures as electroplating
molds, similar to LIGA. Therefore, the all-UV:SU-8 and
DRIE approaches are considered among the most promising
technologies for fabricated THz TWT circuits.

VI. SUMMARY

The THz regime of the electromagnetic spectrum provides
immense research opportunities. However, it is a challenge to
develop compact, powerful, efficient, and low-cost sources.
Microfabricated FWG TWTs are a promising solution. The
simulations and experiments have both demonstrated the
capability of generating stable single-frequency oscillations
using a delayed feedback amplifier configuration. Variation
of the amount of recirculated power provides control over
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the stability of the oscillations. The results have identified
oscillation thresholds, equilibria and nonstationary operating
states, and the dominant factors influencing self-selected
oscillation frequencies. The possibility of generating controlled
single-frequency oscillations with appreciable power bears
promise for generation of coherent radiation. It is important
to know that the feedback leg does not determine oscillation
frequencies; rather, frequencies with the highest gain are
self-selected. This has an impact on amplifier design for future
experiments. The feedback phase plays a limited but important
role in the frequency selection effect.

The time—frequency analysis of a simulated THz oscillator
provides further insights on frequency selection and oscillation
dynamics. At intermediate feedback, the observed multifre-
quency spectra represent nonstationary, unstable hopping
between different oscillation frequency states.

The regenerative forward-wave TWT oscillator may provide
useful advantages over a BWO configuration with respect to
possibilities for modulated carrier operation. Possibilities ap-
pear to include modulation of either the attenuation or phase
in the return path leg. The former would provide bistable AM,
while the latter would provide bistable FM. The modulation
bandwidth limitation on either technique would probably be de-
termined by the round-trip delay time, which is expected to be
in the range of one to several gigahertz.

Two main microfabrication methods—namely, LIGA and
DRIE—have been explored and remain under investigation.
Among the several process options for LIGA, the all-UV : SU-8
seems to be most attractive, due to its fast development cycle
times and its reliance on UV light sources rather than X-ray
synchrotrons. The DRIE process is relatively straightforward
and allows for direct fabrication of the serpentine trenches.
With DRIE-produced circuit halves, one may use backside
alignment and bonding popular with Si MEMS to realize
~ 1 pm accuracy in alignment.
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