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Abstract – This article presents the design of an
orthomode transducer (OMT) with a simple structure
for ease of fabrication at the 230 GHz band. The
structure consists of a square waveguide T junction with
transitions to rectangular waveguides for the V- and H-
polarized ports. The design is facilitated by a numerical
simulation tool based on the finite element method. This
OMT features the simplest possible configuration
amenable for standard computer numerical control
machining for operation at the J band (consistent with
WR-03 waveguide standard). The fabricated and
measured OMT exhibits an operational bandwidth of
12%, over which greater than 10 dB return loss and
greater than 30 dB cross-polarization isolation are
achieved. The insertion loss is minimized to an average
less than 2 dB using time-extended electroless gold
plating to improve the surface conductivity and fill the
waveguides’ seams. This OMT is integrated within a
fully polarimetric radar operating at 220 GHz to 230
GHz.

1. Introduction

Millimeter-wave radars are one of the many
sensor systems used in the automotive industry for
driver assistance and autonomous vehicle operation.
Radar offers benefits over optical imaging and lidar,
including longer range and penetration through inclem-
ent weather conditions. In addition, radar can exploit
polarimetry to discriminate between targets based on
their polarization response [1, 2]. Although current
automotive radars operate at the 77 GHz band, there is
interest in using the 230 GHz band for future systems
[3]. With the advent of semiconductor and micro-
fabrication technologies, realization of such high-
frequency radars is becoming viable [4, 5]. Polarimetric
radars often make use of antennas that support dual
polarization for either transmit or receive or both. In
such systems, an orthomode transducer (OMT) is
required to manage electromagnetic signals in vertical
and horizontal polarizations.

All OMTs need to combine two orthogonal
waveguides into a common waveguide that can support

a degenerate mode. According to the literature, many
groups have accomplished this, with varying levels of
fabrication difficulty and performance characteristics.
The aim of this article is to design the simplest structure
with the minimum number of fabrication steps and
waveguide seams, with the goal of achieving a high-
performance and low-cost OMT that can be manufac-
tured by a standard computer numerical control (CNC)
milling machine.

It is challenging to design and fabricate OMTs
with the desired level of performance at millimeter-
wave frequencies due to the tiny dimensions of the
waveguides. Several different designs for OMTs at
these frequency ranges were reported and achieved
outstanding performance over a wide bandwidth. Some
such designs use a T-junction structure [6, 7] but
involve many different machined steps requiring very
high precision. Other designs implement a reverse-
coupling structure [8, 9], a finline guide [10], a Bøifot
junction [11–13], or a three-dimensional turnstile
junction [14–18]. These techniques require specialty
machining equipment or complex multilayer silicon
micromachining processes to fabricate, can be costly,
and have poor yield.

This article presents an OMT design for operation
at 220 GHz to 230 GHz. The geometric simplicity of
this OMT allows it to be constructed by CNC
machining with modest equipment and can be manu-
factured with better performance, at higher frequencies,
and for lower cost than can be found in the commercial
millimeter-wave component market. It also avoids the
aforementioned complex structures, reducing the nec-
essary number of high-precision machined waveguide
sections. A fabricated prototype was produced with
excellent electromagnetic characteristics over a band-
width of 12%. Preliminary results of this design can be
found in [19]. Subsequently, we have improved the
fabrication process resulting in much improved inser-
tion loss, expanded the bandwidth significantly, and
adjusted the measurement setup to allow a more
complete characterization of device performance.

The T-junction structure used for this OMT is one
that was previously examined [6, 7], and drawbacks of
the split-block assembly fabrication technique were
identified [6, 17]. In addition, this design compromises
performance, particularly in terms of bandwidth,
compared with the designs listed previously. However,
for engineers and researchers without access to top-of-
the-line machining equipment required to fabricate the
small features of these high-performing but complex
OMT designs at millimeter-wave frequencies, our
design presents an alternative that can be easily
fabricated with performance suitable for narrower band

Manuscript received 22 December 2022.

Tanner J. Douglas, Adib Y. Nashashibi, and Kamal Sarabandi
are with the Electrical Engineering and Computer Science
Department, University of Michigan, 1301 Beal Ave, Ann Arbor,
Michigan 48109, USA; e-mail: tjdoug@umich.edu, nuha@umich.
edu, saraband@umich.edu.

Hussein N. Shaman is with the Center of Excellence for
Microwave Sensor Technology, King Abdulaziz City for Science
and Technology, King Abdullah Rd, Al Raed, Riyadh 12371, Saudi
Arabia; e-mail: hshaman@kacst.edu.sa.

URSI RADIO SCIENCE LETTERS, VOL. 4, 2022 DOI: 10.46620/22-00691



applications. We also discuss a gold-plating technique
to reduce the impact of the troublesome H-plane gaps
that often occur in machined waveguide pieces.
Compared with the design presented in [20], our
OMT provides comparable performance, while requir-
ing optimization of fewer geometric parameters and
fabrication with fewer machining steps, and demon-
strates a much better agreement between simulation and
measurement results.

2. OMT Design

The OMT design features three waveguide ports.
The vertical (V) and horizontal (H) ports are standard
rectangular waveguides, while the common port is a
square waveguide, supporting both V- and H-polarized
modes. The V and H branches are transitioned from
rectangular to square, and the three square waveguide
sections intersect at a T junction. To discuss the
characteristics of the OMT by referring to its scattering
parameters, the V port is defined as port 1, the H port as
port 2, the V-polarized common port mode as port 3,
and the H-polarized common port mode as port 4. In
this manner, the OMT may be treated as a four-port
network [21]. The geometry of the design is shown
along with these port definitions and the relevant
dimensions in Figure 1. The main innovation in this
design is the single-step discontinuity in port 1 that
creates a resonant section to effectively transfer the
power from port 1 to port 3, while presenting a short
circuit seen by the field in port 2.

The band of interest for this design is 220 GHz to
230 GHz. The WR-03 waveguide size was chosen to
ensure that the cut-off frequency of the TM11 and TE11

square waveguide modes (245 GHz) is above the
operation band.

3. Simulation

The OMT was designed with the assistance of
electromagnetic simulations in Ansys HFSS, version
19.5, using the finite element method. The waveguide
walls were modeled as finite conductivity boundaries to
reflect the expected losses. In addition to the funda-
mental TE10 mode, the first higher order mode was also
included at each of the wave ports to observe and
minimize any possible coupling to those modes.

Different types of transitions from square to
rectangular waveguide were considered for both the V
and H ports. Step transitions can be designed using
modal analysis, but such analytical methods do not
provide the needed accuracy [22]. Several such
transitions are depicted in Figure 2. Each transition
was first optimized to maximize transmission and
minimize reflection. Then various combinations of
transitions were integrated into the OMT, and the
positions along the waveguides were optimized to
maximize transmission between ports 1 and 3, and
ports 2 and 4, as well as to minimize reflection at all
four ports. The configuration shown in Figure 1
provided the most favorable performance characteristics
out of the transition combinations tested. It features
symmetric tapered and single-step transitions at the H
and V ports, respectively.

A tapered transition is expected to provide better
performance over a wider band than a transition with
discrete steps. In theory, the reflection should be
minimized for taper lengths (d3) of integer multiples
of half-guide wavelengths [23]. The length chosen here
is approximately a full guide wavelength at the center
frequency of our band. For fabrication with a mill axis
along the vertical direction, a tapered transition is not
possible for the V port; thus, a stepped transition must
be used instead. This limits the bandwidth of the OMT
for V-polarized signals. The single-step transition was
found to provide comparable performance to the double
step (in the context of the full OMT) and was therefore
chosen for its simplicity. The lengths d1 and d2 can be
thought of as free parameters to assist in impedance
matching. The V and H ports see the impedances of two
sections of waveguide in parallel; d1 can be used to help
match the H port, while d2 can be used to help match
the V port.

The dimensions of the final optimized OMT
design are a ¼ 0.8636 mm, b ¼ 0.4318 mm, d1 ¼
0.8636 mm, d2¼ 0.1270 mm, and d3¼ 1.8288 mm. The
lengths of the three waveguide sections referenced to
the center of the T junction are 9.525 mm for the V port
and 13.970 mm for H and common ports (for the
purpose of fabrication).

4. Fabrication

The OMT was fabricated using CNC milling to
carve the waveguides into blocks of brass. The milling
machine is a Bridgeport model M-105k retrofitted with
the ProtoTRAK M3 control system. Typical accuracy

Figure 1. The OMT geometry, including port definitions, waveguide
dimensions, and additional design parameters.

Figure 2. Different types of simple transitions from rectangular to
square waveguides (shown in E plane). (a) Single step, (b) double step,
(c) tapered, (d) asymmetric single step, (e) asymmetric double step,
and (f) asymmetric tapered.
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along a straight line is 0.002 in (50 lm) over 5 in (127
mm) travel.

A symmetric split-block assembly was used, with
a split plane through the middle of all three ports. On
each block, two milling steps were used: the first with a
depth of a=2 to form the common and H-port
waveguides and V-port matching section, and the
second with a depth of b=2 to complete the V-port
waveguide. Screw holes were drilled and tapped to
attach the two blocks to each other. Guide pins were
used to assist in alignment of the blocks. Finally, once
the OMT was assembled to satisfaction, flanges were
added around the three ports to mate the OMT to other
waveguide components.

When an OMT is assembled, any small gap
between the surfaces allows energy to leak out of the
waveguide. To minimize the insertion loss, the
adjoining faces of each block were polished using a
manual lapping table prior to milling the waveguides,
providing a smooth and flat surface to make a
connection without any gaps. Additionally, the assem-
bled OMT was plated with an electroless gold-plating
solution to fill any gaps caused by small scale
roughness. These steps were found to significantly
reduce the insertion loss to close to 1 dB. Even
commercial injection molded through waveguide com-
ponents at the WR-03 size and a similar length will
typically exhibit insertion loss of this order. Figure 3
displays some photographs of the OMT.

5. Measurement

The measurement setup for characterization of the
OMT performance includes an Agilent N5245 4-port
PNA-X performance network analyzer configured with
two frequency extension modules. This system has WR-
03 waveguide interfaces and allows for measurement of
the scattering matrices of two-port networks at frequen-
cies up to 325 GHz. The OMT scattering parameters
were measured in sets of two ports at a time. To
facilitate connections to the necessary port combina-
tions, the extenders were positioned with 908 of rotation
between them, and a 908 E-plane waveguide bend was
included within the calibration. The measurement setup
is shown in Figure 4.

Figure 3. Photographs of (a) the adjoining surfaces of the two brass
blocks with the tiny milled waveguide features highlighted and (b) the
finished OMT after assembly and gold plating.

Figure 4. Photographs of the OMT S-parameter measurement setup.

Figure 5. The S-parameters of the OMT, with measurements
compared to simulation results. For clarity, the S-parameters are split
up into those related to (a) V polarization, (b) H polarization, and (c)
cross polarization (simulation is below �60 dB and therefore not
shown).
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Figure 5 shows several plots comparing the
measured and simulated scattering parameters of the
OMT (simulated cross polarization is not shown
because it is below �60 dB). When either the V or H
port was not used for a particular S-parameter
measurement, it was terminated with a waveguide fixed
matched load. A horn antenna was used to approximate
an impedance match at the common port when
measuring isolation between the V and H ports, because
no square waveguide matched load was available.

The return loss is better than 10 dB at the V and H
ports over the band from 210.7 GHz to 237.1 GHz,
which represents a bandwidth of 11.8%. The band of
operation was observed to have slightly shifted
downward compared with the simulation due to
machining tolerance. Over the 210.7 GHz to 237.1
GHz band, the average V-polarized insertion loss is 1.7
dB, while the average H-polarized insertion loss is 1.4
dB. The maximum insertion loss for either polarization
is 2.7 dB. The V- to H-port isolation is at least 30 dB.
Cross-polarization discrimination (i.e., how much V-
polarized signal at the V port appears due to an H-
polarized excitation at the common port) is greater than
23 dB. Note that it is impossible to measure S43 and S34,
as the two ports are coincident in space, but these
parameters hold no practical significance.

Based on the measured common port return loss,
there is a significant contribution to the OMT’s
measured insertion loss purely due to reflection at the
mismatched (square-to-rectangular) common port.
Back-to-back transmission measurements were made
in which this OMT and a second similar one were
connected at their common ports. The average back-to-
back insertion loss was 2.3 dB for V polarization and
1.6 dB for H polarization. Assuming equal contribution
from each OMT, this gives an estimated insertion loss
of 1.15 dB and 0.8 dB for V and H polarizations,
approaching the reasonable limit.

The measured performance of this OMT is
compared with other OMT designs at similar millime-
ter-wave and terahertz frequency bands in Table 1. With
the exception of bandwidth, this design’s performance

characteristics are comparable to the others’, while
requiring fewer machined waveguide sections per block
and avoiding irregular geometries and bends.

6. Conclusion

An OMT with a simple structure was designed
and fabricated for operation at high millimeter-wave
frequencies (in particular, the 220 GHz to 230 GHz
band). The measured performance indicates a band-
width of about 12%, with better than 10 dB return loss,
23 dB polarization discrimination, and 30 dB isolation.
Through lapping of the adjoining split-block surfaces
and electroless gold plating, the insertion loss has been
minimized to less than 1.7 dB, on average, and possibly
closer to 1 dB, based on back-to-back transmission
measurements. This OMT design minimizes structural
complexity so that it can be fabricated using CNC
machining without requiring top-of-the-line equipment.
We were able to build the OMT at an estimated unit
machining cost of $2400, significantly less than the
price tag of commercial OMTs at this band (~$15,000).
Fabricated OMTs were used in the front ends of two J-
band polarimetric radar systems for backscattering
phenomenology in support of the automotive industry.
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