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Abstract- This paper describes a computer vision based robotic
waveguide flange alignment system that achieves improved
repeatability of waveguide measurements. The proof-of-concept
is demonstrated using WR-62 in the frequency band 12.40 GHz
to 18 GHz. An Arduino was used to interface a three-channel
NTS NanoDirect XYZ positioner with MATLAB and its image
acquisition toolbox. The measured results of a back-to-back
adapter pair demonstrate significantly improved repeatability
with the automated system compared with manual alignment.
Through EM modelling of two WR-1.0 rectangular waveguides
over the frequency range 800 GHz to 1 THz it is shown that this
new method for enhancing measurement repeatability will be
invaluable.
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L INTRODUCTION

An intrinsic problem with microwave, millimetre-wave and
terahertz component characterisation is waveguide flange
misalignment when making precision measurements. In
general, this misalignment happens as the result of machining
and fabrication tolerances. The standard design of waveguide
flanges with alignment pins is found to suffer from
repeatability and alignment errors that are very significant at
THz frequencies, requiring new approaches.

In most misalignment studies done so far, the design of the
waveguide flange has been the main concern for millimetre
and submillimetre-wave frequencies [1 - 4]. Some important
methods for modification of the structure of waveguide
flanges and accurate alignment of waveguides have been
proposed [5].

This paper reports a new technique for improving the
connection repeatability of millimetre and submillimetre-wave
rectangular flanges using an active alignment system. In this
first demonstration of a robotic flange, at Ku-band as proof-of-
concept, a pair of cameras was employed to acquire the real-
time image of the waveguide positions and a closed-loop
feedback controller was used to align the flanges precisely. A
graphical user-interface (GUI) was created in MATLAB™ to
integrate the commands to be sent to the XYZ motor and
acquire the images. An Arduino microcontroller was used to
control the X, Y, and Z axis of the XYZ piezoelectric motor
by sending commands to an NTS NanoDirect™ controller.

II. REPEATABILITY OF MEASUREMENTS AND
INTERCONNECTS

The need for improved repeatability is well-known in
manufacturing and ATE where optimum trade-offs between
speed of connection and performance are required [6].
Previously reported techniques for improvement of
uncertainty and repeatability of measurement for millimetre
and submillimetre-wave flanges mainly dealt with the design
and fabrication methods and positioning of the holes and using
rings with tight tolerance [7-10]. The alignment of waveguide
sections is dependent on the flange alignment hole and
alignment pins and any tolerances in the fabrication of the
holes or alignment pins can result in alignment errors. In the
THz region the waveguides are barely visible to the human
eye and the tolerance of alignment structures is more
significant compared with the waveguide itself, so it is highly
appropriate to consider active alignment systems, drawing on
the optical domain, to ensure that proper alignment is made.

111, ROBOTIC FLANGE SYSTEM

The general structure of the proposed closed-loop system,
which is shown in Figure 1, includes high definition vision
systems capturing the position of the waveguides, sending the
data to the controller software for data analysis, comparing the
current position of the waveguide with the a reference model
and control of the X,Y,Z motor.
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Figure 1. Block diagram of the active alignment system.
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Real-time imaging of the waveguides was performed with the
MATLAB image acquisition toolbox (imaqtool). A GUI
interface was created to perform feedback, communicate with
the Arduino microcontroller that transmits suitable commands
to the XYZ stage controller (NTS NanoDirect). Thus, when
the images are in MATLAB, the current position of the
moving waveguide (x,y, and z values) is calculated and
compared with the x,y, and z values of the reference images of
the fixed waveguide which was previously acquired.

Two red spots were attached to the corners of the moving
waveguide, as shown in Figure 3. A differential method was
utilised to detect and achieve the red colour intensity. The
acquired image was divided into sub-images to count the total
red regions. The boundary condition set was to follow only
one red spot. This program is regularly called by an embedded
timer function which generates a fixed-delay event. This
method helps to control the image acquisition function. A
proportional controller (P Controller) is provided to compare
the current position with the reference point.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

The S11 and S21 measurements were made using an E8361A
PNA Network Analyser from Agilent Technologies and two
Ku-band rectangular waveguide-to-coax adaptors from Omni
Spectra Inc. A two-port electronic calibration (Ecal) module
from Agilent Technologies was employed to perform precise
calibration at the coax ports. Two WR-62 waveguides were
fixed on previously designed Perspex holders that were
attached to the X, Y, Z mechanical translation stage and X, Y,
Z piezoelectric motor. The cameras were located on the top
and the side of the fixed WR-62 on the mechanical translation
stage. A photograph of the robotic system and measurement
setup is shown in Figure 2 and a screenshot of the GUI is
shown in Figure 3.

Figure 2. Robotic alignment system and measurement setup.
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Figure 3. GUI control screen created in MATLAB

For the first measurement, two waveguides were aligned
precisely using the allocated keys in the GUI (Up, Down, Left,
Right, Forward, and Reverse). The position of waveguides
was captured by the cameras to give a reference position on
three axes, shown on the GUI screen. Afterwards,
displacements in all three axes were applied to the second
waveguide and the Automatic key and then the Start key were
selected, respectively. Twenty independent connections and
disconnections were made, each with a different initial
displacement value. The obtained S11 and S21 traces indicate
the capability of the flange alignment repeatability. For
comparison, the same procedure was repeated using manual
alignment. Figure 4 and Figure 5 compare the obtained S-
parameters for the manual and automated connection methods.
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Figure 4. Measured S21 of back-to-back transitions using a) manual
alignment, b) robotic alignment. (20 connect/disconnect cycles)
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Figure 5. Measured S11 of back-to-back transitions using a) manual
alignment, b) robotic alignment. (20 connect/disconnect cycles)

The results measured when using the robotic system,
demonstrate the improved repeatability of the active alignment
approach. Some controller error was observed, since the
received frame rate from the camera is 30 frames per second,
and this frame rate is not sufficient to perform real-time
control, leading to overshoot. Hence, a PID controller is
suggested to overcome this problem. To speed-up the
alignment process, the total delay of the system should be
decreased. For this purpose, a custom controller would be
beneficial, in which the piezoelectric motors are driven
directly by Arduino using an H-bridge and PWM signals.

V. TERAHERTZ APPLICATION

Some important work on waveguide flanges for frequencies
above 325 GHz has resulted in new waveguide standards [11-
13]. The proof-of-concept system is not compact enough for
the alignment of two WR-1.0 waveguide flanges with a 254
microns internal width. However, we can investigate the
issues through Agilent EMPro™ modelling. Here, WR-1.0
with 0.254*0.127mm (10*5mils) internal dimensions is
considered (Figure 6) in order to study the mismatch errors
over the frequency range of 800 GHz to 1 THz. The lower and
upper cut-off frequencies for this waveguide according to the
standards defined by IEEE P1785 [11, 13] are 590 GHz and
1180 GHz, respectively.

Figure 6. EMPro simulation for two WR-1.0 rectangular waveguide

The effect of misalignment was modelled for five situations:
X axis (broad wall) misalignment, Y axis (E-plane), both X
and Y axes, Z axis and rotated (skewed). Results with
misalignment were compared with the perfectly aligned
results. Figure 7 illustrates the S11 degradation due to 25 pm
misalignment in the E-plane direction, for example, while
Figure 8 shows the effect of just 1degree of rotation (skew)
misalignment on S11 (more results will be in the full paper).
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Figure 7. (a) S11 and (b) S21 comparison between perfectly aligned
waveguides and a pair with 25 microns of misalignment.
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Figure 8. S11 comparison between perfectly aligned waveguides and 1
degree of rotational misalignment.

VI. CONCLUSION

A new computer vision based robotic waveguide flange
alignment system has been presented, demonstrating improved
performance repeatability of waveguide measurements for
WR-62. The measured results show that the active waveguide
aligning system can achieve high precision in alignment
owing to the use of imaging and feedback control techniques.
The new technique is highly accurate, simple, and achieves
measurement repeatability and will also be very useful for
submillimetre-wave frequency applications. This method
overcomes the tolerance limitation of the alignment pins and
alignment holes. Further work will involve the design of
waveguides with motors integrated into the flange and an
improved alignment system for micron-level precision.
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