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Abstract
The demand of high-speed wireless communication has increased, which need the data
rate to be in the order of Terabyte per second (Tbps) in the near future. Terahertz (THz)
band communication is a key wireless communication technology to satisfy this future
demand. This would also reduce the spectrum scarcity and capacity limitation of current
wireless systems. Microfabricated Folded Waveguide TWTs are the potential compact
sources of wide band and high-power terahertz radiation. This study primarily focuses on
machining technology for THz waveguide components requiring ultra-high precision
micromachining. Rectangular waveguides, especially Folded Waveguides (FW), are even
more difficult to manufacture using conventional machining techniques due to their small
size and very tight tolerances. The criticalities in micromachining of FW for 0.22 THz
have been addressed in this article. Half hard free cutting Brass IS 319-H2 was used as a
work material due to its electrical and mechanical properties. Waveguide size of 0.852 ×
0.12 mm was machined within ± 3–5 μm linear tolerances, surface roughness in the order
of 45 nm Ra, and flatness less than half of wavelength (< λ/2). The split top and bottom
blocks of the folded waveguide were aligned by dowel pins which matched within a
tolerance of ± 5 μm. The perpendicularity and parallelism were maintained within 5 μm
tolerance. This work explored and established the application of micromilling as reason-
ably suitable for the THz waveguides followed by ultrasonic cleaning as deburring. It also
investigated the measured folded waveguide losses which were close to simulated values.
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1 Introduction

THz band of frequency 0.1–10 THz is still one of the least explored frequency bands for
communication which can address many applications like medical imaging, high-definition
video conferencing among mobile devices, noxious gases detection, defence communication,
and security and space applications, where size and weight are of prime concerns. One of the
promising structures for amplification at THz frequencies is the Folded Waveguide Structures
(FWSs). They are derived basically from rectangular waveguides by folding in their E-plane
multiple times (once in the clockwise direction and another in the anticlockwise direction) and
with a beam tunnel at the centre of the straight waveguide. These modified structures are the
periodic structures and have the dispersion characteristics similar to those of the coupled cavity
structures which are used for microwave amplification. The FWSs are the compact source of
moderate bandwidth and high-power THz radiation mainly because of the rugged, simple
geometrical configuration [1–3]. The main reason for the least exploration of the THz
frequency domain is the realisation of these THz structures. This is due to the scaling down
of their dimensions with wavelength. Small dimensions make terahertz waveguide compo-
nents extremely difficult to fabricate through conventional machining procedures, due to
mechanical limitations imposed by waveguide dimensions and electronic limitations related
to device parasitic losses during electrical measurements, which make it difficult to implement
adjustable tuning and performance optimisation in THz circuits. No international standard
exists for defining sizes and interfaces of rectangular metallic waveguides used in THz
frequency band. Some proposals of size and interfaces have been published but not approved
by standards making bodies like ISO, IEC, and IEEE [4, 5]. Kerr et al. [6] have defined flanges
for Atacama Large Millimetre Array (ALMA) instruments in which they have suggested that
variety of misalignments in waveguides associated with manufacturing processes and residual
stresses associated with them as well as assembling errors lead to loss of power. They have
also suggested the Torque on captive screws under various operating conditions. Though they
have measured these losses for 75–110 GHz, being frequency dependent, it is even more
severe in THz frequency band. This emphasises a critical role of linear and geometrical
tolerances in realising THz waveguide components. However, it has become clear that the
performance of these devices is now limited by not only properties of semiconductor material
metallisation scheme but also mechanical micromachining that plays a major role. This has
resulted in enormous amount of basic research being directed at understanding of
micromachining and optimising the stringent machining parameters. Surface roughness plays
a very important role in THz frequency band to determine the losses in addition to the
conductivity of the material. Several micromachining techniques such as micromilling and
micro-EDM milling have evolved to improve the surface quality. As the frequency increases,
the achievable power decreases as per the well-known relation P ⍺ f −2 (power verses
frequency) and the same does not hold well at THz frequencies. This is mainly because losses
will increase at these frequencies. The losses in THz frequency band depend on the surface
quality of the structure in addition to its conductivity. The additional losses can be attributed to
the scattering and the additional path lengths. In order to reduce the losses, the surface quality
of the structure has to be improved which is done using micromachining techniques. The
present study is about the micromachining of a 0.22 THz Folded Waveguide Structure and
measuring its surface parameters. A 12-period FWS has been fabricated using the method of
micromachining. Misalignment and surface roughness are different as surface roughness is
important on the inside surfaces of waveguide for better reflection to enhance propagation of
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THz waves, whereas misalignment is in the context of alignment of the upper and lower block
of waveguide keeping the centre of waveguide the same. In addition to that, flatness on mating
surfaces should also be less than half of the wavelength (λ/2) to avoid leakage of energy. This
leakage may also occur at flanges, where two devices are connected.

Sudhamani et al. [7–11] have published their work consisting of various aspects of design,
transmission line–based equivalent circuit analysis, validation of analysis, measurements of
FWSs for their dispersion, interaction impedance, and loss characteristics. Wang [12] theoret-
ically investigated the influence of surface roughness on a conductor at THz frequency
showing the importance of skin depth (δ), where skin depth is the depth until which the
electromagnetic waves penetrate inside the waveguide surface. Figure 1 a and b show the
power absorption ratio at different heights of roughness (h) for copper and Al alloy. Surface
roughness refers to the variations in the heights of the surface in comparison to its nominal
value. It is measured as average roughness Ra. For different surface profiles, Ra may be the
same but the path length can be different. Path length refers to the distance travelled by the
wave along the path (profile) of the surface profile. As the path length becomes more, loss will
be enhanced. The power absorption ratio is directly proportional to the surface roughness and
inversely proportional to material conductivity. Tolerances are to be revaluated in the context
of contemporary manufacturing processes and their capabilities. The conventional high-
frequency microwave devices used for amplification such as the helix and coupled cavity,
TWTSs, cannot be easily modified to operate in THz region. Researchers [13–19] have
extensively used masking and deposition techniques on silicon to design and develop THz
waveguide components. This process is particularly suitable for making 2D components in
bulk, but tool-based micromilling can make 3D shapes on variety of materials in small
quantities with surface roughness as good as 75 nm Ra as is reported by Groppi et al. [20].
However, some authors [21, 22] have used more than two processes like micromilling and
laser machining to realise the THz waveguide components. Ansoft Inc. [23, 24] describes the
procedure of designing THz waveguides, whereas the researches published by a number of
authors [25–28] have investigated micromilling in detail covering interaction of machine tool
and material along with error budgeting which helps in planning the machining strategy. Other
researchers [29–34] have focussed on the minute details like ploughing, minimum uncut chip
thickness, and force measurements, whereas [35–40] cover specific issues like minimum

Fig. 1 Power absorption ratio for different RMS heights a for copper and b for aluminium. Courtesy: Wang [12].
δ, skin depth = 1

ffiffiffiffiffiffiffi

πfμσ
p , where ω is the angular frequency = 2πf; σ, conductivity; and μ, permeability = μ0μr
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quantity lubrication (MQL), thermal aspects, and burr formation analysis. The work presented
by some authors [41–43] focusses on development of millimetre wave components and tooling
required for it. Mohring et al. [44, 45] have discussed state of the art materials for machine tool
structures to minimise the effect of temperature and vibration. Various mechanical as well as
electrical measurement techniques and instruments are described by some authors [46, 47].

2 Folded Waveguide Structure

Several waveguide structures including the 220 GHz FWS were taken up to study their
fabrication using micromachining methods. The folded waveguide structure was designed
from 170 to 280 GHz (cold pass band) initially by following an approach [1–3] and fine-tuned
with the simulation using Eigen mode solver of CST Studio software which is based on finite
integration technique. The electronic aspects of FWS have already been published by the
authors in [7–11]; hence, this study was focussed on the mechanical aspects of the folded
waveguides and the derived circuits. Achieving the tolerances of ± 3–5 μm, surface roughness
in the order of 40–45 nm Ra, and flatness, perpendicularity, squareness, and positional
tolerances of ± 5 μm is equally critical for the performance of these electromechanical
components and the derived circuits. The six-period FWS was fabricated and measurements
were carried out. The loss was measured in terms of S-parameters. The details of the
fabrication/measurements are given in the following sections. Figure 2 a shows the line sketch
of FWS structure for 12 periods. It is a derived structure from rectangular waveguide with
broadside dimension a and narrow side dimension b. The pitch p is the distance between
successive beam crossings and it is responsible for achieving the required delay ratio. This
delay ratio is a factor which is proportional to the pitch (period)/path of the electromagnetic
wave along the folding between the successive beam crossings. At synchronisation where the
velocity of the beam is close to the axial velocity of the electromagnetic wave in the FWS, the
beam interacts with the electromagnetic wave as it progresses through the beam tunnel,
causing velocity modulation and density modulation resulting in the formation of the electron
bunches. These bunches move with reduced velocity and give energy to the wave and the
wave grows resulting in the amplification. In this case, the FWS is designed with cold pass
band from 170 to 280 GHz and the operating band width is from 220 to 250 GHz. The upper
and lower blocks of realised hardware are shown in Fig. 2b.

Fig. 2 a Line sketch of the FWG, courtesy: Sudhamani et al. [7]. b Upper and lower blocks of FWG

232 Journal of Infrared, Millimeter, and Terahertz Waves (2021) 42:229–238



3 Work Material for FWS

Half hard free cutting Brass IS 319–H2 (Cu: 61%, Zn: 36%, Pb: 3%) was selected for FWG
structure due to its high strength, corrosion resistance, and good dimensional stability over a
long period of time. This alloy is suitable for waveguides at higher frequencies due to its
electrical conductivity (1.59 × 107 S/m) and machinability. This alloy is known as alpha (α)
brass and it is annealed before cold working and is subjected to stress relief annealing after
cold working to prevent season cracking. Inclusion of lead in the alloy makes cutting free and
zinc at 36% completely dissolves in the solution and makes a continuous solid solution. The
finished part is gold (electrical conductivity = 1.59 × 107 S/m) plated with a thickness of 1–2
μm to further increase the electrical conductivity and hence better electronic performance.

4 Micromachining Setup

The micromachining of waveguide was carried on a Kern CNC micromilling machine as
shown in Fig. 3a, having Heidenhain TNC 530 Controller. Tools of diameter as small as 70–
100 μmwith tool nose radius of 2 μmwere used. It is important to use the actual instantaneous
diameter and reducing length of the tool during cutting through online measurement and
compensation. The scanning electron microscope image of the micro-end mill cutter is shown
in Fig. 3b. Machining parameters like cutting speed, feed, and depth of cut were optimised
using ANOVA as well as the Taguchi method and were experimentally verified to achieve the
required linear tolerances, geometrical tolerances, and surface roughness. Long-term distortion
in the waveguide can result in a loss of tolerance of waveguide although its initial flatness
meets the specifications. To take care of distortion during and after machining and to prevent
work hardening effect due to cutting forces, well-sharpened cemented solid carbide end mills
were used on the CNC milling machine. To prevent distortion and overheating in the thin
sections, controlled feed rate and depth of cut along with a minimum quantity lubrication
(MQL) was used. This has also prevented burnishing-glazing effect on the machined surface.

Free cutting Brass block was machined on six faces, using a high precision milling machine
within 5 μm parallelism and within 20-min squareness. ‘Kern’ recommended collets and tool
holders were used for the micromilling of all the folded waveguides. The upper and lower

Fig. 3 a Kern CNC micromilling machine. b Carbide micro-end mill of 70–100 μm
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blocks are aligned by dowel pins having positional tolerances within ± 5 μm under a tool
maker’s microscope having magnification of × 50–100. Lapping was done on the mating
surfaces of the upper and lower blocks using the SpeedFam double sided lapping machine with
abrasiveness of up to 4000 grit size in kerosene vehicle. The fitment of dowel pins is a critical
work and required clean environment and operator’s skill.

5 Measurements

5.1 Measurement of Mechanical Parameters

The surface profiler, BRUKER Contour GT K-10 as shown in Fig. 4a, was used to measure
roughness value. The scanning electron microscopy (SEM) image of the FWG structure is
shown in Fig. 4b, which clearly shows microburrs at a magnification of × 100.

The microburrs were cleaned using ultrasonic cleaning at 20–400 kHz frequency in a
kerosene medium. Linear dimensions of the broad side of waveguide a as well as the narrow
side of waveguide cross-section b were measured using mechanical as well as optical methods.
Similarly, other design parameter values like peak to peak height of folded waveguide
structure and inner height of the folded waveguide structure were also measured using optical
methods. Flatness was measured using sodium monochromatic light system as well as optical
methods. The obtained flatness is less than 0.3 μm. The linear tolerances were found within ±
3–5 μm and the surface roughness in the order of 45 nm Ra. The inside waveguide surface
topography is shown if Fig. 5 a and b at magnifications of × 60 and × 10,000 respectively. The
cutting tool marks can be seen at high magnification. Table 1 describes the design parameters,
measured parameters, and deviations from design values. The surface roughness at various
critical areas is also shown in this table.

5.2 Loss (S-Parameter) Measurements

Various straight as well as folded waveguide structures were fabricated for different frequen-
cies and their loss measurement was carried out. The loss measurement for 220 GHz FWS was
reported in the present study. The two halves of the 12-period FWS was assembled and was

Fig. 4 a Bruker Contour GT surface profiler. b SEM image folded waveguide structure at × 100
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connected to WR-04 waveguides at both ends. This was connected to PNA Network analyser
N5222A as shown in Fig. 6a. The loss measurement of 12 periods for this structure S21 is
shown in Fig. 6b. In this particular case, measurements were carried out by connecting directly
the WR-04 waveguides to the 12-period FWS which includes the loss due to the mismatch of
the adapter at both ends. This loss has to be deducted to obtain the loss FWS. The same was
simulated and the actual loss of the FWS was obtained. The actual loss per period is
approximately 0.42 dB (average value) for this structure. This loss causes reduction in gain
and the power. It is also known that the maximum Ra allowed should be less than half of the
skin depth.

6 Conclusions

In this paper, microfabrication of a Folded Waveguide Structure (FWS) at 0.22 THz has been
carried out and mechanical parameters were studied. The mechanical measurements show
good agreement between measured and design values. The linear tolerances are within ± 3–5
μm. The upper and lower halves of the folded waveguide were aligned within ± 5 μm which
helps in reducing plumbing losses. The surface roughness achieved inside the waveguide by
end milling was of the order of 45 nm Ra by optimised machining parameters. This roughness

Fig. 5 a Surface topography of FWG structure at × 60. b Topography of inner W/G surface at × 10,000

Table 1 Mechanical parameters of fabricated Folded Waveguide Structure

Design parameter Design value
(mm)

Measured
value (mm)

Deviation
(mm)

Surface
roughness (Ra)

Period 0.560 0.563 0.003 42 nm
Broad side waveguide dimension ‘a’/2 for each

half part (depth)
0.425 0.430 0.005 45 nm

Narrow dimension of the waveguide ‘b’ 0.120 0.125 0.005 41 nm
Value ‘b’ at depth (each halves – measure of

taper)
0.120 0.090 0.030 45 nm

Beam hole width ‘a1’/2 (each half part) 0.15 0.153 0.003
Beam hole height, ‘b1’ 0.075 0.078 0.003 -
Peak-peak height of Folded Waveguide

Structure
0.726 0.723 0.003 -

Inner height of the FWS 0.513 0.518 0.005 -
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value is excellent as it helps in reducing the conductor loss, because the material properties like
conductivity and permeability are fixed for the designated frequency of operation in the THz
region. The folded waveguide was also tested for its loss characteristic response by measuring
the S-parameters. Loss per period achieved is approximately 0.42 dB which is a reasonably
good result. From the results, it is clear that micromilling with appropriate machining strategy
is still a viable method for achieving the required parameters for this class of structures.
Process can be further improved to improve the surface finish as well as remove the tapering of
‘b’ dimension from 0.12 to 0.09 mm at the depth of each halves which may be due to left over
microburr. This work shows the path for the manufacturing of the devices for THz frequencies
for futuristic applications. The prediction of the power output using this structure involves the
exact modelling of the surface profiles for all the periods in the PIC simulator. The present
work can be utilised for prediction of power amplification using PIC simulations.
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