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Wideband OMT for the 210-373 GHz Band with
Built-in 90° Waveguide Twist

Igor Lapkin, Cristian Lopez, Denis Meledin, Leif Helldner, Mathias Fredrixon, Alexey Pavolotsky,
Sven-Erik Ferm, Vincent Desmaris, Victor Belitsky, Senior Member IEEE

Abstract—We present the design of a wideband orthomode
transducer, OMT, that aims for the frequency band 210 - 373
GHz. The OMT employs a modified Bgifot layout and is optimized
to fit into the tight spatial constraints, e.g., of the ALMA cartridge.
The OMT layout harmonizes the receiver cartridge components
for both polarizations by allowing use of the same configuration
and components in both polarization chains because of the OMT
outputs’ colinear positioning. The OMT features a built-in novel
broadband 90-degree waveguide twist, which minimizes the
insertion RF loss by removing the H-split waveguide while eases
receiver components integration with the 2SB mixers in the
ALMA cartridge. The manufactured OMT was characterized by
direct measurements with a VNA employing frequency extension
modules. The waveguide adapters were used accommodating the
OMT waveguide ports having dimensions 760x760 um for the
input port and 380x760 um for the output ports to the VNA
extension modules. The OMT demonstrated the cross-poll better
than - 25dB across 95% of the frequency band, the output
reflections better than 15 dB and the RF insertion loss better than
0.8 dB.

Index Terms — Dual-polarization receivers, orthomode
transducer, waveguides, ALMA receiver cartridge

I. INTRODUCTION

N orthomode transducer, OMT, is a polarization

diplexer that allows to separate the polarization

components of an incoming signal. A typical place for
such diplexer is between the feed, e.g., a corrugated horn, and
the first stage of a dual-polarization receiver, e.g., a mixer.
Consequently, the input port of an OMT should allow
propagation of both orthogonal linear polarizations and the
OMT insertion RF loss should be minimized as the loss directly
affects the receiver noise performance. In this paper, we focus
on radio astronomy applications however suggested OMT
could be used for any relevant application. A few derivatives of
the Bgifot OMT layout [1] are currently used in the ALMA
observatory [2] Band 3, 4, 5, 6, 8 receiver channels providing
superior beam squint performance on sky with the single feed
for both polarizations as compared to the receivers using
polarization grids and thus employing individual feeds for each
polarization that needs careful mechanical alignment, Fig 1.
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Fig. 1. On-sky Y-X polarization beam squint in cross-elevation
vs. elevation coordinates in units of the beam FWHM at the
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observing frequency for ALMA Bands 3 to 10. Multiple
measurements have been averaged per antenna-CCA
combination when possible. The 10% specification limit is
shown (green circle), in addition to a threshold of 2% which all
existing single-horn receivers (Bands 3, 4, 5, 6, 8) could comply
with and which may be a practical future goal. This figure
corresponds to Figure 8 in [3].

Therefore, the implementation of an OMT in the next
generation of ALMA receivers, including ALMA Band 7, 9 and
10, is a desirable option. Up to the date, several OMT designs
are known but the OMT originating from the Bgifot layout has
proven to provide very competitive performance in terms of the
insertion RF loss, reflections and cross-polarization. Based on
that experience and having heritage of delivering ALMA Band
5 receivers, we focus this manuscript on the wideband
derivative of the Bgifot OMT layout. In Chapter V, we present
a comparison table that includes different OMTs and its
performances.

The ALMA receiver cartridges provide a very confined
space for placing receiver components especially considering
all cold optics with bigger mirrors, particularly for lower
frequency bands with all-cold optics, e.g., ALMA Band 5 [4]
and even Band 6. The original Begifot OMT’s T-layout
precludes using the same components and arrangement of the
receivers for both polarizations that would be a disadvantage
for, e.g., ALMA receiver cartridge production. However, this
difficulty could be circumvented by slightly more complex
OMT configuration, which include additional split of the block
and 90-degree H-plane turns of the waveguides at the Y-
junction branch as in ALMA Band 5 OMT [5]. However, this
solution has a drawback of featuring an extended H-split
waveguide for one polarization that may result in an RF leak
and correspondingly an increased insertion RF loss. This is
especially true for an OMT at higher frequencies, e.g., targeted
OMT RF bandwidth 210 -373 GHz where the waveguide
dimensions are substantially smaller and require even higher
accuracy for fabrication.

In order to avoid the unwanted H-split and risk of increasing
the insertion RF loss, we introduce an integrated 90-degree
wideband waveguide twist with novel design and placed close to
the OMT polarization splitting junction. This allows to co-align
OMT output waveguides and avoid using external 90 - degree
twist as in [5, 6]. By harmonizing the OMT outputs, we allow
using the same receiver components and layout for both
polarizations.

I1. WIDEBAND WAVEGUIDE 90-DEGREE TWIST

In general, an OMT built using split-block technique with co-
aligned outputs cannot avoid employing an unwanted H-split
inherently as the polarization splitting junction handles 2
orthogonal polarizations. As we discussed above, integrated 90-
degree waveguide twist placed closer to the polarization splitting
junction helps to minimize the length of the waveguides with H-
split.

In order to keep the length of the waveguides inside OMT to

possible minimum and thus introduce minimum insertion RF
loss, a compact 90-degree waveguide twist should be introduced
for integration inside the OMT, e.g., as described in [7, 8, 9, 10].
The twist has to be compatible with split-block fabrication
technique intended to fabricate the OMT. Another obvious
feature of the twist is that it provides 56% of the fractional RF
band and deliver 210 - 373 GHz operational bandwidth.
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Fig. 2. Novel 3-step waveguide 90-degree twist. Top: 3D model
of twist that uses the layout similar to the twist [9] in the middle
section with the two adjacent twist sections resembling the
layout of the twist presented in [11]. The model has filleted
corners, R=50 pm, to address constrains of the milling (@90 pum
milling tool). Waveguide dimensions are 380 x 760 um. The
split goes in the middle of the broad wall of the waveguide at
the left side and continues in the middle of the narrow wall of
the waveguide at the right. The two projections of the twist
depicted below the 3D model have all necessary dimensions.

The required bandwidth could be provided by the twist
suggested in [8], however its design is hardly suitable for the
split-block fabrication. The twists suggested in [9, 10] could be
accommodated to fabrication using split-block technique but do
not provide the required RF bandwidth. Following these
conclusions, we introduce a novel twist which uses modified
layout of the one presented in [9] in a multi-step design in order
to extend the RF band. Fig. 2 illustrates the initial design with the
twist similar to [9] in the central position while the two adjacent
peripheral steps use the twist shape similar to presented in [11].
Fig. 2 displays the resulting HFSS model in which changes in the
initial layout address the manufacturing approach and use of the
miller by applying fillet to the sharp 90-degree corners of the
initial twist layout.
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The final design of the three-step twist was optimized using
HFSS simulations and realistic constrains of the fabrication using
precision CNC miller. The results of the optimized twists HFSS
simulations are presented in Fig. 3.
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Fig. 3. HFSS simulation results of the twist 3-step structure.
Fig. 3a displays the return loss and Fig. 3b presents the
insertion RF loss (simulations were performed for PEC).

In order to experimentally verify the performance of the
designed twist, we fabricated back-to-back two twists in a block
as depicted in Fig. 4.

The block was made from aluminum alloy using split-block
approach with the feeding waveguides split in the middle of the
broad wall and only short waveguide connecting the two twists
has split in the middle of the short wall. This way, we minimize
effect of the “wrong” split on the measurement results.

Fig. 4. Photos of the block with back-to-back twists. The block
manufactured from aluminum alloy. Waveguide dimensions
are 380 x 760 pm.

In order to calibrate out the insertion RF loss of the
waveguides, we fabricated a reference block with the straight
waveguide length less by 1.77 mm, the length between the
starting and ending points of the two twists, and which insertion
RF loss were measured and subtracted from the block insertion
RF loss that contains the twists.
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Fig. 5. Measurement results of the back-to-back twists: the
return loss per one twist (blue line) and the insertion RF loss
(orange line) per one twist using additional measurement data
of the block without the twists to de-embed the performance of
the twist.

The test structure was made of aluminum alloy that has
about 3 times less conductivity than Gold. The measurements
of the insertion RF loss do not remove the RF loss in the small
piece of the waveguide between the two twists. Furthermore, it
is very difficult to achieve very high repeatability of the
waveguide performance manufactured by milling, in our case a
difference in the RF insertion loss between the waveguide with
and without twists of 0.01 dB/mm would produce an error of
about 0.23 dB in the estimation of the insertion RF loss.
Consequently, the measurement of the back-to-back twists was
intended to demonstrate the absence of resonances and
extremely flat and wideband performance of the twist while the
insertion RF loss data is indicative. The back-to-back twist
manufactured block was characterized by using a Keysight PNA-
X VNA and WR5.1, WR 3.4 and WR2.2 frequency extension
modules from VDI. The measurement results are presented in
Fig. 5.

I1l. OMT LAYOUT & SIMULATIONS

The OMT design largely follows the one successfully used
in the ALMA Band 5 receiver [5]. Fig. 6 depicts the HFSS 3D
final model of the OMT.

P3

Fig. 6. HFSS optimized OMT 3D model. Yellow arrow points
on the built-in twist. Polarization split illustrated by color-coded
port denotations.
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In order to achieve substantially broader fractional
bandwidth, 210-373 GHz or 56% of the center frequency and
to have a better control over the internal matching, additional
elements were added to the polarization splitting junction, in
particular, a multi-step transformer was added to the direct
output of the polarization splitting junction and multiple circular
recesses to Y-junction branch of the polarization splitting
junction. During the OMT HFSS simulation, we needed
additional “tuner” to extend and equalize the performance over
the targeted RF band 210-373 GHz. Using different elements of
the OMT and employing heuristic approach, it was found that
such circular recesses provide convenient “tuning tool”. In
particular, by varying the sizes and number of recesses and
their spacing, we could gently modulate the effective width
of the waveguides in the OMT polarization splitting
junction, Fig. 6, for those leading towards the waveguide Y-
junction. The changes in the effective waveguide width have
a very confined geometry and are interleaved by standard
rectangular waveguide sections. Consequently, this does not
create any longer oversized waveguide with a risk of having
trapped modes and facilitates tuning the OMT to the
desirable bandwidth and performance level.

During design phase, all major waveguide components of the
OMT, the polarization splitting junction, the Y-junction, the
twist and H-turns were HFSS simulated and optimized
separately with the goal of having input/output reflection loss
well below -20 dB. Thereafter, the complete HFSS OMT model
was assembled by combining these partial models and the
optimization procedure was re-run for the complete OMT
model. The results of the HFSS simulations are presented in
Fig. 7.
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Fig. 7. HFSS simulation results of the OMT. Fig. 7a displays
the return loss at the waveguides’ outputs. Fig. 7b presents the
insertion RF loss for each polarization (for electroplated gold
assigned as material for the OMT in HFSS). Fig. 7c presents
the cross-pol simulation results.

The HFSS simulations for Pol. 0 correspond to the port P1:2
& P3 and the Pol. 1 correspond to P1:1 & P2 in Fig. 6. In the
HFSS simulation results that are presented in Fig.7, it was
assumed perfect geometry and as such Fig. 7 displays
theoretical limit / ultimate accuracy of the simulations software
and yet demonstrates potential of the presented here OMT
design. The HFSS OMT simulations also included tolerance
analysis of the final design in order to verify that the OMT has
sufficient margins to be produced in the in-house workshop. In
particular, we introduced shifts between the 3 blocks
constituting the OMT. The simulations have shown low
sensitivity to the offset up to 10 um of the split in the plain of
P2 — P3, Fig. 6, but stronger sensitivity in the split plain of P1:2
which goes through the polarization splitting junction and shows
the performance changes with offset above 5 um. Yet, the
tolerance analysis confirmed that the designed OMT is fully
doable using our CNC Kern™ Evo milling machine with the
positional accuracy of £0.5 um. The geometry of the produced
blocks was controlled by using 3D Optical Profiler System
ZeGage™ by Zygo Corporation to ensure compliance with the
designed parameters.

IV. OMT FABRICATION & CHARACTERIZATION

The twist is placed at the polarization splitting junction output
for polarization P1:1 as depicted in Fig. 6. The OMT is an
assembly of 3 blocks: two blocks with split in the middle of the
square input waveguide aligned with the polarization P1:2, Fig.
6. Thus, only the waveguide multi-step transformer section (P2)
has H-split. Another split goes between the former two-block
assembly comprising the square input waveguide and the
polarization splitting junction, and the third block with the plane
of the split in the middle of the OMT output waveguides, the
plane corresponding to P2, P3 as in Fig. 6.
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Fig. 8. Manufactured OMT. Pictures show assembled OMT
with the square input waveguide, top photo. Solid part of the
second split (left) and the split part that containing the
polarization splitting junction, right. In this split all waveguides
are divided in the middle of the broad wall (non-radiating split)
and are co-aligned. The OMT is manufactured from Tellurium
copper and gold-plated.

The OMT was manufactured in our in-house workshop
using precision CNC milling machine. Tellurium copper was
used for manufacturing with following electro-plating with 0.5
pm thick Gold. Fig. 8 shows the manufactured OMT. The OMT
was characterized using the same Keysight PNA-X VNA and
frequency extension modules WR5.1, WR3.4 and WR2.2. The
OMT characterization results are depicted in Fig. 10.
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Fig. 9. The OMT measurement setup. The insert shows use of
the adapters and transitions needed for the measurements. The
idle port is terminated by matched load during the
measurements.

Because the OMT uses custom-sizes of the waveguides
380 x 760 um and 760 x 760 um, the measurements required
adapters for rectangular waveguides and transitions
rectangular-to-square from the waveguides of the VNA
frequency extension modules as depicted in Fig. 9 insert.
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Fig. 10. Measured performance of the OMT. Fig. 10a displays
the return loss at the OMT waveguide’s outputs. Fig. 10b
presents the insertion RF loss for each polarization. Fig. 10c
shows the cross-pol measurement results. As mentioned above,
Pol. 0 corresponds to the port P1:2 & P3 and the Pol. 1
corresponds to P1:1 & P2 as in Fig. 6.

While the insertion RF loss in the adapters and transitions
could be calibrated out in the back-to-back configurations, the
reflection could be only measured excluding the adapters as the
standard calibration kits allowed calibrate the ports directly at
the frequency extension modules. Additional factor of
measurements’ inaccuracy was the necessity to move the
frequency extension modules and bend the cables connected to
the VNA upon measuring the OMT ports placed in-line or at
the right angle, Fig. 9.

It should be noted that the measurements of the cross-pol
largely affected by the accuracy of the used interfacing
transitions from rectangular-to-square waveguides [12]. Even a
very small angular misalignment at the OMT input will
generate cross-pol signal and affect the accuracy of the
measurements.  The  rectangular-to-square ~ waveguide
transitions used to match the OMT custom-sized waveguide
port with the VNA extension modules could be an additional
source of the cross-pol signal associated with the waveguide
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mode transformation.

The measurements show that the output return loss does not
exceed 15 dB but in the major part of the RF band is actually
below 20 dB, Fig. 10a. The measured insertion RF loss, Fig.
10b, largely follow the simulation results, Fig. 7b, and are close
to 0.45 dB between 250 and 373 GHz while start to worsen
below 250 GHz, which is the result of approaching cut off
frequency of the waveguide and clearly follows simulation
results. With the expected use of the OMT at cryogenic
temperature around 4 K, the insertion RF loss should improve
down to 0.15 - 0.2 dB with increasing of the gold conductivity
at cryogenic temperature. These numbers are based on the
measurements performed by authors where Gold conductivity
of an electroplated sample was studied in the temperature range
300 - 4 K and resulted in 3 - 4 times improved conductivity at
the lowest temperature of 4 K.

The measured cross-pol, Fig. 10c, is better than - 23 dB in all
the RF band except for 210 — 220 GHz where the measurements
were performed with the frequency extension module WR5.1
and corresponding set of waveguide adapters that match the
OMT waveguide dimensions 380 x 760 pum and 760 x 760 pm.
The discrepancy in the measured cross-pol in the RF band
210 — 220 GHz could be caused by the adapter used to match
the WRS5.1 frequency extension module to the OMT square
port, which known to be extremely sensitive to the
manufacturing tolerances [12]. Atall plots, Fig. 10, the features
at around 376 GHz are already beyond the target OMT RF
operation band and are consequences of the second waveguide
mode appearance.

V. CONCLUSION

We present the design of the orthomode transducer that covers
frequency band 210 - 373 GHz with fractional bandwidth up to
56%. The OMT employs a modified Bgifot layout where
introduced additional elements help achieving broadband
performance. The OMT design features built-in novel 90-
degree waveguide twist that allows to minimize length of the
H-split internal waveguides and thus minimizes a risk of RF
leaks and extra insertion RF losses. Additionally, the twist
allows placing the OMT outputs co-aligned that facilitate
design of the following receiver components for both
polarizations by allowing use the same configuration and
components in both polarization chains. The OMT layout
makes it suitable to be fitted into a tight space, e.g., of the
ALMA receiver cartridge. The OMT was designed and
optimized using 3D simulation software and tested with VNA
and three VNA extensions [13] in order to cover the ultra-broad
RF band. The manufactured prototype performance follows
well the simulations. The OMT demonstrated the cross-poll
better than 25 dB across 95% of the frequency band with output
reflections better than 15 dB and the insertion RF loss better
than 0.5 dB. In the Table I, we provide comparison of the
different types of published OMTs.

TABLEI
COMPARISON OF STATE-OF-THE-ART OMT

FBW Fc RL* XL ***X-Pol

Reference %] [oHa] [dB] [dB] 48] Type
[12] 58,1 3875 17 25 35 Baifot
[14] 264 144 20 04 30 Baifot
[15] 495 93 15 1 45 Turnstile
[16] 26 4425 10 25 12 Reverse-coupling structure
[17] 25 240 12 0.8 25 Turnstile
[18] 388 3225 15 3 30 Substrate Based
[19] 378 925 15 0.8 NA Turnstile
This Work 55,9 2915 15 0.8 23 Bgifot

FBW: Fractional bandwidth, Fc: Center frequency, NA: Not available. *RL: Return loss, *xIL: Insertion loss

***X-Pol. Cross-pol;
The reported values correspond to measurements of the worst-case peak values of both polarizations at RT

An early version of the OMT with external twist was used in
SEPIA345 receiver [6] that is installed at APEX telescope in
Chile [20] and in operation since January 2020.
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