' Aalto University

Karki, Sabin Kumar; Ala-Laurinaho, Juha; Viikari, Ville
Dual-Polarized Probe for Planar Near-Field Measurement

Published in:
IEEE Antennas and Wireless Propagation Letters

DOI:
10.1109/LAWP.2022.3218731

Published: 01/03/2023

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Karki, S. K., Ala-Laurinaho, J., & Viikari, V. (2023). Dual-Polarized Probe for Planar Near-Field Measurement.
IEEE Antennas and Wireless Propagation Letters, 22(3), 576-580. https://doi.org/10.1109/LAWP.2022.3218731

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1109/LAWP.2022.3218731
https://doi.org/10.1109/LAWP.2022.3218731

576 IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 22, NO. 3, MARCH 2023

Dual-Polarized Probe for Planar Near-Field
Measurement

Sabin Kumar Karki ", Juha Ala-Laurinaho

Abstract—A dual-polarized probe enables the simultaneous sam-
pling of two orthogonal polarizations, which decreases the time
for the characterization of co- and cross-polar properties of the
antenna under test in transmission mode by 50%. In this work,
a dual-polarized probe comprising of a square waveguide and
grating polarizer-based orthomode transducer is presented. The
Ku-band dual-polarized probe is manufactured in-house using
additive manufacturing and coated with conductive paint. The
simulated and measured —10 dB impedance bandwidth is between
10.7 and 14.5 GHz. The peak simulated and measured coupling
between the orthogonal polarizations is less than —60 dB and
—40 dB, respectively.

Index Terms—3-D printing, conductive paint, dual-polarized,
near-field, orthomode transducer, probe, square waveguide.

I. INTRODUCTION

HE near-field (NF) measurement technique is used to
T characterize the radiation properties of an antenna. In the
NF measurement, the probe antenna samples the radiating NF
of an antenna under test (AUT). The field sampled in uniform
grid on a planar, cylindrical, or spherical surface is then trans-
formed into the far-field [1]. An AUT needs to be characterized
for both co- and cross-polar properties. Typically, a NF-probe
antenna supports single polarization and the measurement is
done twice by rotating the probe 90° to obtain both the co- and
cross-polarized response, which doubles the measurement time.
A dual-polarized probe (DPP), a single antenna that supports two
orthogonal polarizations, together with a dual-channel receiver
can halve the data acquisition time of the co- and cross-polar
measurements of the AUT in the transmission mode. For a DPP,
high isolation and axial ratio between the orthogonal linear
polarizations are essential for accurate characterization of the
AUT [2]. In addition, the receiver channels’ responses, ampli-
tude and phase, of both the polarizations should be balanced.
A rectangular open-ended waveguide (OEWG) is generally
used as the probe antenna in a planar NF measurement [3]. A
rectangular OEWG is linearly polarized and it is mechanically
rotated by 90° for cross-polar measurement of an AUT. The
mechanical rotation and double scanning can be avoided with
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two closely placed orthogonally polarized probes, which gives
high isolation [4]. However, the closely positioned orthogonal
probes distort each other’s radiation pattern.

A DPP is a combination of an orthomode transducer (OMT)
and a radiating element [5]. The OMTs are used to generate or
receive the orthogonally polarized waves [6]. A simple method
to implement dual-polarization is to use a square waveguide
with a coaxial connections on the adjacent walls [7]. Since
both the coaxial connections are at the same distance from the
shorting wall and close to each other, the coupling between the
orthogonal feed ports is high, approx. —15 dB. The quad-ridge
waveguide with the coaxial feeds from the orthogonal direc-
tions achieved the broadband impedance matching [8]. As the
orthogonal feeds are slightly offset along the waveguide axis,
the isolation improves slightly to approx. —25 dB. In [9], the
DPP is implemented with inverted quad-ridge and differential
feed. The design achieved the reflection coefficient |S1;| <
—12dB, and coupling | S21 | between two polarization is less than
—55 dB in the frequency bandwidth of 4:1. The differential feed
requires four feeds for two orthogonal polarizations, one 180°
phase shifted feed for each polarization. The phase imbalance
between the differential feed branch can increase the reflection
significantly [9]. The differential feeding is implemented using
additional beamforming network or power division network [5].

The OMTs based on a power division network and differential
feeding of the turnstile and Bgifot junctions are used in radio-
astronomy receivers. The turnstile-junction-based OMT pro-
posed in [10] achieved | S11| < —20dB, and | S21| < —50dB, for
more than 50% bandwidth [11]. The turnstile OMT based probe
antennas have been used in spherical NF measurement [12],
[13]. The OMT based on Bgifot junction can also provide
high isolation and wide-band operation [14], [15]. The turnstile
and Bgifot junctions require four and three subarms/branches,
respectively, to receive or transmit two orthogonal polarizations
with high isolation. The implementation of both the turnstile
and Bgifot based OMT requires larger volume due to division
of single feed into two subarms.

In this letter, a square-waveguide DPP based on a novel
grating-polarizer OMT 1is proposed. The proposed design is
simple, has a small form factor, requires only one feed per
polarization, and the coupling between the orthogonal polar-
izations, under ideal conditions, is better than that of most of the
state-of-art solutions. The article introduces the OMT design and
studies the effects of the polarizer dimensions and its location
with the full-wave simulation. A Ku-band DPP is designed to
achieve high isolation between orthogonal polarizations. The
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(b) (©

Fig. 1. (a) Cut-away view, (b) side view, and (c) front view of the proposed
OMT. Dimensions are in mm.

prototype is fabricated in-house using additive manufacturing
and conductive paint. The simulation and measurement results
are compared to examine the applicability of the proposed
design.

II. ORTHOMODE TRANSDUCER

This section presents the design and parametric study of
the OMT. A square waveguide, 14.55 mm wide, is selected to
operate at Ku-band. The cutoff frequency of the TE;y, mode of
the square waveguide is 10.3 GHz, whereas the cutoff frequency
of the first higher order mode (TE;;) is 14.6 GHz. Hence, the
operation bandwidth of the OMT is primarily limited by the
bandwidth of the square waveguide.

The square waveguide is fed using coaxial connectors [16].
The length of the coaxial inner conductor in the waveguide [,,, is
4.5 mm. The coaxial feeds for the orthogonal linear polarizations
are placed on the adjacent walls of the square waveguide as
shown in Fig. 1. When both the coaxial feeds are at the same
distance from the shorting wall, d;,; = 8.6 mm, and the grating
polarizer is not used, the desired impedance bandwidth for both
the ports can be achieved, i.e., reflection coefficient of Port 1
|S11] and Port 2 |Sas| is below —10 dB. However, the coupling
between Ports 1 and 2 |Sa1]| is higher, approx. —15 dB. The
coupling between the orthogonal polarizations can be minimized
by displacing one port, i.e., Port 2, along the waveguide axis, i.e.,
z-axis, away from the shorting wall. When Port 2 moves away,
|S11] is mostly unaffected and | S22 | is higher and the impedance
bandwidth becomes narrower because the field reflected from the
shorting wall does not add constructively in the entire frequency
range as dpp is not A,4/4. The impedance matching and band-
width of Port 2 can be improved by adding a new shorting wall at
Ag /4 distance, dp2 = 8.8 mm, from Port 2, which does not affect
the performance of Port 1. The grating polarizer, a grid of wires,
is positioned between the two ports, and it is transparent to the
y-polarized wave generated by Port 1 and acts as a shorting wall
for the x-polarized wave generated by Port 2.
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Fig. 2. (a) Reflection coefficients of Port 1 (|S11| —) and Port 2 (|Sa2| - -)
and (b) coupling between the ports w.r.t. s, where w, = wp, = 1 mm and g =
2.6 mm of the OMT.
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Fig. 3. (a) Reflection coefficients of Port 1 (]S11]| —) and Port 2 (|Sa2| - -)

coupling between the ports w.r.t. ¢ when wg, = wp = 1 mm, s = 27 mm of the
OMT.

The OMT parameters that affect [S11|, |Soz|, and |So;| are:
1) separation between the Port 1 and grating polarizer, s, 2)
center-to-center distance between the polarizer wires, g, and 3)
cross-sectional dimensions of the polarizer wire w, and wy. In
this section, the effects of above-mentioned OMT parameters are
studied and the simulation model is shown in Fig. 1. The square
waveguide is terminated with a waveguide port that supports all
the modes.

Fig. 2 shows that |S11] is high when the grating polarizer is
placed close to Port 1, s = 4 mm < A/4. As s increases, |S11]|
decreases and | S11 | reaches its minimum when s =9mm =~ A /4.
Though |S7;| is minimum at s ~ 1 /4, |S21| can be further de-
creased by increasing s. The coupling begins to saturate when s
is greater than 24 mm. However, when s is larger than A /4, | S11 |
increases and reaches its maximum when s = 18 mm ~ /2
and |S11] has the next minimum when s = 27 mm ~ 3/4 mm.
|Sa2] is not affected by the positioning of the grating polarizer.

Fig. 3 illustrates the effects of the separation between the
grating wall wires or gap g on [S1], S22/, and |So1|. When g is
1.8,2.6, 5, and 7.8 mm, the number of the polarizer wires is 7, 5,
3, and 1, respectively. As the gap increases, the reflection from
the grating wall, seen in the decrease of |S11|, decreases. With
increasing g, the coupling |So | increases, especially toward the
higher frequency. Once the gap in the grating wall increases,
the grating wall does not behave as a perfect short for Port
2. The waveguide section between the polarizer and the back
wall supports resonances at some frequencies, i.e., at 11.25 and
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Fig. 4. (a) Reflection coefficients of Port 1 (|.S11| —) and Port 2 (]Sa2| - -)
and (b) coupling between the ports w.r.t. w, when w, = 1 mm, g = 2.6 mm,
and s = 27 mm of the OMT.
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Fig. 5. (a) Reflection coefficients of Port 1 (|S11| —) and Port 2 (|S22] - -)
and (b) coupling between the ports w.r.t. wy, when s = 27 mm, w, = 1 mm and
g = 2.6 mm of the OMT.

13.5 GHz. Due to the imperfect isolation of the polarizer, this
resonating cavity couples weakly to Port 2.

Fig. 4 illustrates the effects of the grating wall thickness w, on
[S11], |Sa2|, and |Sa1|. For the fixed gap of 2.6 mm, the smaller
w, enables lower |S11|, however it increases |Sa1|. With the
smaller w,, the resonances at 11.25 and 13.75 GHz appear as
previously with the sparse grating wall. As w,, increases, |S11|
increases, |Soo| slightly decreases, and |Ss;| also decreases,
especially at higher frequency. |S71| increases due to increase
in the thickness of the grating wall. The effects of the wire
width w; and wire thickness w, are similar. The growing wy,
increases |S11], does not affect |Sos|, and improves |So;| at
higher frequency, see Fig. 5.

In summary, the parametric study illustrates that the design of
the OMT is a tradeoff between reflection coefficients, isolation,
and the size, i.e., separation distance between the feed ports. The
lower coupling can be achieved with smaller g, larger w,, and
larger wy,, however, at a cost of an increased reflection coefficient
of Port 1. Similarly, the coupling can be minimized with larger
s, however, at the cost of an increased volume of the OMT. The
simulation results also show that the coupling starts to increase
after 14 GHz in all cases. The increase is mainly due to presence
of the higher order mode as the cutoff frequency of the TE;;
mode is closer.

III. DUAL-POLARIZED PROBE

In this section, the DPP, a combination of an OMT and a
radiating element, is presented. A square OEWG is used as

E-plane, Port 2

Fig. 6. (a) Perspective and (b) top view of the fabricated DPP.
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Fig. 7. Simulated (—) and measured (- -) (a) reflection coefficients and (b)
coupling between Port 1 and Port 2 of the DPP.

the radiating element as shown in Fig. 6. The cross-sectional
dimensions of the OMT and OEWG are the same, i.e., 14.55 mm.
The designed OMT parameters s, g, w,, and wy, are 27, 2.6, 1,
and 1.25 mm, respectively. The total length of the DPP, i.e.,
OMT and OEWG, is 97.5 mm. The radiating aperture of the
DPP is chamfered to minimize the multiple reflections between
the probe and the AUT. The probe walls are made thicker in
two directions to adjust the center-pin lengths of the coaxial
connectors inside the waveguide.

The probe is fabricated using the plastic additive manufactur-
ing and then metallized with conductive paint, see photographs
in Fig. 6. The prototype is printed using Ultimaker S5 with the
layer thickness of 0.06 mm, and the print speed of 30 mm/s is
used to achieve the high accuracy. Total print time is approx. 16 h.
The conductivity of the applied silver paintis 1.3 x 10® S/m[17].
The skin depth at the lowest frequency, 10 GHz, is 0.5 pm.
In order to ensure uniform metallization with thickness greater
than the skin depth, three layers of silver paint is applied with
the curing time of 8 h. The measured cross-sectional dimensions
of the square waveguide are approx. 14.4 and 14.45 mm along
x- and y-directions, respectively.

The comparison between the simulated and measured S-
parameters of the DPP is shown in Fig. 7. The simulated | S|
and | S2s| of the ideal probe, i.e., without manufacturing defects,
is below —10 dB between 10.7 and 14.5 GHz. The impedance
matching, |S11| and |Saz|, of the DPP can be further improved
by using additional stubs or shaped coaxial feeds at the coaxial-
to-waveguide transition [18]. Furthermore, the reflections at
the radiating aperture can be minimized with flared horn-like
radiating aperture or slots in the radiating wall [19]. However,
the above-mentioned changes in the coaxial-to-waveguide tran-
sition and the radiating aperture increase the manufacturing
challenges and increase the radar cross section of the probe
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Fig. 8.

Comparison of the simulated (—) and measured (- - -) normalized radiation pattern along (a) H-plane and (b) E-plane of Port 1 and (c) E-plane and

(d) H-plane of Port 2. Marker (-e-) represents the polarization orthogonal to the main polarization.
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Fig. 9. Simulated (—) and measured (- -) realized gain of the DPP.

antenna. The simulated and measured |S11| and |Saz| are in
good agreement, except that the measured S-parameters are
slightly shifted higher in frequency, by approx. 120 MHz, which
is caused by slightly smaller cross-sectional dimensions of the
fabricated square waveguide, see Fig. 7(a).

The simulated coupling is below —60 dB in the designed
frequencies, whereas the measured one is below —40 dB be-
tween 10.9 and 14.8 GHz, as shown in Fig. 7(b). The measured
coupling is higher than the simulated mainly due to the manufac-
turing inaccuracies. The simulated | S| of the DPP presented in
Fig. 7(b) illustrates that the coupling level can raise from below
—80 dB, in the ideal case, to approximately —50 dB with poten-
tial miniscule inaccuracies such as the coaxial connector being
tilted by 1° (red) or the angle between the adjacent wall of the
square waveguide is off by 0.15° (blue). Itis difficult to be certain
of the exact reason and amend it with the current manufacturing
process. With the manufacturing inaccuracies, the coupling gets
even higher at lower frequencies, i.e., at less than 11 GHz, due to
following two factors. First, at lower frequencies the impedance
mismatch at the radiating aperture of the waveguide is higher,
therefore, the reflections, and thus also the coupling increases.
Second, at lower frequencies, the beamwidth of the probe is
wider, hence the asymmetry of the outer probe structure starts to
affect the radiation and consequently the coupling performance.

The far-field radiation patterns are measured in the anechoic
chamber. Fig. 8 shows the measured co- and cross-polar patterns
of Port 1 and Port 2 along the principle axes of the DPP. The mea-
sured co-polar or the main polarization radiation patterns of the
both ports agree well with the simulations. The minor difference
at higher 6 angles >90° is mainly due to the difference in the
size of the absorber used in the simulations and measurements.
However, the radiation toward large 6 angles is not important,
as far it is low, in the anticipated planar NF measurement appli-
cation. The simulated (and measured) half-power beamwidths
along the E-plane are 80° (85°), 74° (76°), and 68° (66°) at 11,
12.5, and 14.5 GHz, respectively. The simulation studies show

that the polarization properties of the DPP are similar to those of
the square waveguide. The measured and simulated cross-polar
radiation of both ports are less than —25 dB and —45 dB, respec-
tively, along the major axes. The higher cross-polar radiation is
caused by inaccuracies in the manufacturing and less effective
absorbers used in the measurements. The main beam direction
of both the simulation and measured patterns are symmetric and
toward the boresight direction except at 14.5 GHz of Port 2, see
Fig. 8(c). As mentioned in Section II, at frequencies closer to
14.6 GHz the higher order mode start to affect the propagation
of the field inside the waveguide, which affects the direction
of the main beam and the level of cross-polarization radiation
as shown in Fig. 8(d). The measurement results show that DPP
can have higher coupling close to the cutoff frequency of the
TE1¢ mode. In addition, the main beam direction changes and
the cross-polarization radiation increases closer to the cutoff
frequency of the higher order mode TE;. Therefore, in practice
the operation bandwidth is limited to 11-14.25 GHz instead of
the intended bandwidth of 10.7-14.5 GHz.

Fig. 9 shows the comparison between the simulated and
measured realized gain of both the ports. Between 10.7 and
14.5 GHz, the simulated realized gain varies from 6 to 8.1 dBi.
The measured gain is at most 0.7 dB lower than the simulated.
The slightly lower measured gain might be due to lower conduc-
tivity of the silver paint. Simulation study shows that the grating
polarizer marginally increases the insertion loss of Port 1 and
Port 2 by 0.25 and 0.1 dB, respectively, compared to a traditional
square waveguide.

IV. CONCLUSION

In this letter, the DPP is designed, fabricated, and
characterized to operate at Ku-band frequency. The proposed
design is simple and has small form-factor compared to the
previous solutions. The work also demonstrates that the probe
can be fabricated in-house with commonly available 3-D printer
and conductive paint. Ideally, the operation bandwidth of the
DPP with |S11],]S22| < —10 dB and |Ss1| < —60 dB can be
achieved over the bandwidth of approx. 30%. The measurement
results have demonstrated that the fabricated probe operated
well, [S11], [S22| < —10 dB and |Ss1| < —40 dB, between 11
and 14.25 GHz, i.e., the bandwidth is approx. 26%.
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