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Abstract—This paper presents a wideband dual-circular-
polarization (dual-CP) antenna with high port isolation based on
a grooved-wall CP horn combined with an orthomode transducer
(OMT) in the W-band. A pair of grooves on the inner wall of the
horn serves as an inbuilt polarizer within the horn antenna, which
is capable of generating both left-hand circular polarization
(LHCP) and right-hand circular polarization (RHCP) without
any septum. The continuous linearly-tapered groove design also
allows this multi-section grooved-wall CP horn to achieve low
reflection coefficients over a wide bandwidth, thereby realizing
wideband dual-CP with high port isolation when it is used
together with a wideband OMT. A prototype of the proposed
dual-CP antenna is designed in simulation and measured in an
experiment. The simulated and measured results agree very well,
showing that port isolation > 32.5 dB over 31.6% bandwidth
from 80 GHz to 110 GHz is achieved with axial ratio (AR) <
2.8 dB and reflection coefficient < —20 dB for both LHCP and
RHCP. Rotationally symmetric radiation patterns over the entire
operating bandwidth are also observed with a measured gain of
19.6+2 dBic.

Index Terms—dual circular polarization, millimeter-wave

(mmWave), horn antenna, wideband, isolation.

I. INTRODUCTION

IRCULAR-POLARIZATION (CP) antennas are prefer-

able to Linear-Polarization (LP) antennas in various ap-
plications, such as radar [1], Global Navigation Satellite Sys-
tem (GNSS) [2], and satellite communications [3], [4], due to
its capability of suppressing multipath fading and polarization
mismatch [5]. Millimeter-Wave (mmWave) wireless communi-
cations for point-to-point (PtP) and point-to-multipoint (PtMP)
high-data-rate transmission could also benefit from using CP
antennas [6]. The dual-circular-polarization (dual-CP) antenna,
capable of simultaneously transmitting and receiving two
orthogonal CP signals [left-hand circular polarization (LHCP)
and right-hand circular polarization (RHCP)], enables Polar-
ization Division Multiplexing (PDM) [7]-[9] and In-Band Full
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Duplex (IBFD) [10] for mmWave wireless communication
systems to achieve two-fold spectral efficiency. However, a
significant level of isolation between the transmit (Tx) and
receive (Rx) chains is required for the practical application
of these systems, and it is anticipated that isolation > 30 dB
should be provided at the antenna stage [11], [12]. Therefore,
a wideband dual-CP antenna with port isolation > 30 dB
is highly desirable in the mmWave wireless communication
system offering high wireless link capacity.

A variety types of antennas and components have been
proposed to realize dual CP below 60 GHz band, such as
the microstrip antenna array in the microwave band below 30
GHz [13]-[18], the metasurface antenna [19], and the antenna
array based on Substrate Integrated Waveguide (SIW) in the
mmWave band up to 69 GHz [20]-[24]. However, the highest
port isolation over the widest bandwidth reported for these
types of dual-CP antenna is only isolation > 20 dB over 14.7%
bandwidth in the X-band [15].

Another widely used type of dual-CP antenna is based on
the waveguide septum polarizer [25]. A horn antenna or a
waveguide array is usually connected to the septum polarizer
to achieve good dual-CP radiation performance. This structure
can be applied both in the microwave band [26]-[31] and
mmWave band [32], [33]. The highest port isolation over the
widest bandwidth ever reported for this type of structure is port
isolation > 30 dB over 10% bandwidth [33]. However, it is
believed that the maximum practical operating bandwidth for
the septum polarizer is less than 25% [25]. Therefore, further
improvement for this type of dual-CP antenna to achieve
high isolation at the level of 30 dB over a bandwidth wider
than 10% is quite challenging since there is also a trade-off
between impedance bandwidth and axial ratio (AR) bandwidth
of the septum polarizer. In [34], a novel septum polarizer
using a waveguide common port with triangular cross-section
is proposed to cover a bandwidth of 37.8% in the W-band and
K-band, which breaks the bandwidth limit of the conventional
septum polarizer with a square- or circular-waveguide com-
mon port. Nevertheless, the port isolation is only > 17 dB
over the operating bandwidth. Moreover, the septum inside
the waveguide will pose a challenge in fabrication at high
frequencies because the septum thickness will decrease as
frequency increases, which limits the application of septum
polarizer in the high-frequency band. Therefore, a new type of
antenna structure is needed to achieve high isolation > 30 dB
over a wide bandwidth in the mmWave band. The iris polarizer
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is another type of waveguide polarizer that provides wider
bandwidth when compared with the septum polarizer [35].
In [36], an iris polarizer capable of generating CP with high
purity over 30% bandwidth from 5.7 - 7.7 GHz is reported,
which is a good candidate to realize a wideband dual-CP
antenna. However, it has to be connected to both a horn
antenna and an Orthomode Transducer (OMT) to realize a
dual-CP antenna, whose structure is more complicated than
a dual-CP antenna based on a septum polarizer. Additionally,
the thin metallic fins or periodic corrugation on the waveguide
walls in the iris polarizer pose a great challenge to the
fabrication in the mmWave/THz bands.

In 2019, we reported a CP antenna without any septum
or extra polarizer in the W-band by introducing a pair of
continuous grooves on the wall through the entire conical
horn, which achieves a bandwidth of 37% [37], [38]. This
structure is also capable of generating dual-CP with an or-
thomode transducer (OMT) and has the potential to achieve
high isolation over a wide bandwidth because its continuous-
tapered structure can lead to a low reflection coefficient. It
is worth mentioning that another research group reported a
polarizer with a grooved structure in August of 2020 [39].
This polarizer applies a single short groove on the wall of the
circular waveguide to achieve dual-CP and is connected to a
conical horn for radiating in the V-band. This dual-CP antenna
shows a simple and compact structure with two side-fed ports
as well as a mono-groove with an annulus sector cross-section
being easy for fabrication. Nevertheless, the overall impedance
bandwidth for both ports is relatively narrow, from 53.71 to
58.1 GHz (6.6%), and the simulated port isolation is only 15
dB within the operating bandwidth. Additionally, in [40], we
have conducted a comprehensive study on the different types
of waveguide-based dual-CP antennas as mentioned above.

In this paper, a multi-section horn antenna with a pair of
grooves on the wall is proposed to generate dual CP with high
port isolation when it is used with an orthomode transducer
(OMT). Based on our previous work presented in [37], [38],
we have generalized this approach and designed a multi-
section grooved-wall CP horn by introducing grooves with
various widths and depths in each section. An OMT based
on [41] is also designed with critical modifications to signif-
icantly improve the misalignment tolerance for port isolation
and polarization isolation during assembling. The operating
principle of the proposed dual-CP antenna has been analyzed,
and a prototype has been fabricated to verify the design in the
W-band. The measured results show port isolation > 30 dB
and AR < 2.8 dB over a bandwidth of 31.6% from 80 to
110 GHz is achieved, while the reflection coefficient is lower
than —16 dB. To the best of the authors’ knowledge, this
is the dual-CP antenna with the highest isolation over the
widest bandwidth ever reported. Furthermore, with a septum-
free structure, this type of dual-CP antenna has the potential
to be scaled up to even THz band. Rotationally symmetric
radiation patterns over the entire operating bandwidth are also
achieved with a measured gain of 19.6+2 dBic.

The remainder of this paper is organized as follows. In
Section II, an overview of the entire antenna structure is
described, the dual-CP generation principles of the proposed
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Fig. 1. Structure of the complete dual-CP antenna.

antenna is illustrated, and a parametric analysis is performed.
Section III and Section IV presents the design of the multi-
section grooved-wall CP horn and the OMT. In Section V,
simulated and measured results are presented and discussed,
followed by conclusions in Section VI.

II. ANTENNA STRUCTURE AND OPERATING PRINCIPLE
A. Antenna Structure

The structure of the entire dual-CP antenna is presented in
Fig. 1, comprising of two components. A multi-section horn
with an integrated circular-to-square waveguide transformer is
connected to the common port of an OMT. The horn consists
of three conical sections, and a pair of grooves is introduced on
the wall of each section. The grooves are aligned at 45° with
respect to the z-axis, and the width and depth of the grooves
in each section changes linearly. The axial port (port 1) and
the lateral port (port 2) are both standard WR-10 rectangular
waveguide ports. If port 1 is excited, TE;p mode will propagate
through the OMT and be fed into the multi-section grooved-
wall horn, where LHCP will be generated at the aperture of
the horn; when port 2 is excited, TE;; mode will be guided
through the OMT and fed into the multi-section grooved-wall
horn, where RHCP will be generated.

B. Principle of Dual-CP Generation

Since the proposed multi-section grooved-wall horn antenna
shown in Fig. 1 can be considered as a concatenation of many
discretized grooved-wall circular waveguides with different
dimensions, the grooved-wall circular waveguide with a uni-
form cross-section is used to analyze the operating principle.
Firstly, the mode analysis is carried out for the cross-section
of the grooved-wall circular waveguide using CST Microwave
Studio (MWS). The cross-section geometry of the grooved-
wall waveguide is shown in the inset of Fig. 2, where the radius
of the circular waveguide () is 1.531 mm, depth (d) and width
(w) of the grooves are 0.612 mm and 1.119 mm respectively.
The mode analysis shows that two orthogonal propagating
modes exist in the grooved-wall circular waveguide. The
propagation constants and E-field profiles of these two modes
are shown in Fig. 2.
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Fig. 2. Mode analysis of the grooved-wall circular waveguide.

Fig. 3. Input (a) v-mode and (c) h-mode and two orthogonal degenerated
modes for (b)v-mode and (d) h-mode in the grooved-wall CP horn.

When port 1 or port 2 in Fig. 1 is excited, TE;y (v-mode) or
TEy; (h-mode) will be guided through the OMT to the square
aperture of the square-to-circular waveguide transformer. Both
modes will be converted to TE;; modes when they arrive at the
circular waveguide section of the grooved-wall horn, and the
direction of the E-field of both TE;; modes will be oriented
at 45° with respect to the pair of grooves. Based on the mode
analysis, the input TE;; mode will then be divided into two
orthogonal degenerate TE;; modes, i.e., mode-1 and mode-2 in
Fig. 2, due to the existence of the grooves, as shown in Fig. 3.
Since it can be observed from Fig. 2 that the propagation
constants of these two degenerate TE|; modes are different,
a phase difference of £90° between them can be achieved
after propagating over a certain distance, thereby generating
CP waves [38].

In order to illustrate the principle of dual-CP generation,
the decomposition of v-mode and h-mode at the cross-section
of grooved-wall circular waveguide is shown in Fig. 4(a) and
Fig. 4(b) respectively, with the coordinates aligned with the
direction of the two orthogonal degenerated modes. It can
also be regarded as the front view of the grooved-wall horn
aperture, and the input square waveguide port is added in the
figure as a reference of the directions of F, and E} with
respect to the input port of the groove-wall horn.

The E-field of the v-mode (£,) can be decomposed into
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Fig. 4. The decomposition of (a) v-mode and (b) h-mode at the cross-section
of grooved-wall circular waveguide.

two orthogonal components along —z-axis and y-axis owing
to the existence of the grooves, as shown in Fig. 4(a). Let
qﬁgz and gi)gy denote the initial phases of these two orthogonal
components at the start of the grooved-wall circular waveg-
uide respectively, 8,,1(f) and Bm2(f) denote the propagation
constants of the two degenerated modes (mode-1 and mode-
2 shown in Fig. 2) at frequency f respectively. The phase
difference between E-fields of the two orthogonal components
at frequency f after propagating over a length of [ in the
grooved-wall circular waveguide when the v-mode is used as
the input can be written as

Apy(f) = (B0, = B (HD) = (b, = Bma(HD)
= ( gy - ¢2$) = (Bm1(f) = Bm2(f))I (D
= ( ?;y — 0. ) — AB(f)L,

where AB(f) = B(f)m1 — B(f)m2 > 0 is the propagation
constant difference between mode-1 and mode-2 at frequency

f. With given grooved-wall circular waveguide dimensions (r,
d and w), AB(f) at a frequency can be obtained by mode
analysis, and with a proper waveguide length I, AG(f)l = w/2
can be achieved. Because ¢) — ¢y = 7 according to the
coordinate system (see Fig. 4(a)), it can be derived that

Adu(f) = (&0, — 6°) — AB(P)
Tm—7/2 )
=m/2.

This means with a properly designed dimension of the
grooved-wall circular waveguide that leads to AS(f)l = 7/2,
the phase difference between the two orthogonal degenerated
modes at the end of the grooved-wall circular waveguide will
be /2. According to the analysis in our previous work, their
E-field magnitudes are close to each other [38]. Therefore,
an LHCP wave is generated at the end of the grooved-wall
circular waveguide when the grooved-wall circular waveguide
is excited with the v-mode (see Fig. 3).

Similar derivation process can be obtained when the
grooved-wall circular waveguide is excited with the h-mode
(see Fig. 3), but with ¢) — ¢) = 0 according to the
coordinate system, as shown in Fig. 4(b), it can be derived
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Fig. 5. Effect of the (a) groove width, (b) groove depth and (c) waveguide cross-section radius on the propagation constant difference (AS) between the

two orthogonal TE modes.

that
Adn(f) = (84, = Bmi (N = (&), — Bma(F)1)
= (¢h, — ®h,) — AB(f)!
=0—m/2
= —7/2.

Therefore, an RHCP wave can be generated with the same
grooved-wall circular waveguide dimension which leads to
AB(f)l = w/2 as that mentioned above, if the h-mode is
used as the input.

Hence, it can be concluded that if the dimensions (r, d, w
and [) of the grooved-wall circular waveguide are designed to
give rise to a phase difference of /2 between the two orthog-
onal degenerated modes, i.e., mode-1 and mode-2 shown in
Fig. 2, both LHCP and RHCP can be generated by feeding the
grooved-wall circular waveguide with TE;; modes which are
oriented at +45° with respect to the grooves. This conclusion
is also true for the multi-section grooved-wall horn, because
it can be regarded as a concatenation of many discretized
grooved-wall circular waveguides with various dimensions.

3)

C. Parametric Study and Analysis

In this section, a parametric study has been performed on
the groove depth and width as well as the circular waveguide
radius of a grooved-wall circular waveguide with a uniform
cross-section (see the inset of Fig. 2) by simulation in CST
MWS, in order to find out the impact of these parameters
on the CP performance. Because we are going to design a
grooved-wall horn that has variable cross-section dimensions,
we define the dimensions of the groove in a relative manner.
Given the radius of the grooved-wall waveguide cross-section
is R., the width and depth of the grooves is defined as

W = Wen + W_ratio - R, %)
d =d_ratio- R, ®)

where w_man is the minimum width of the grooves and is set
to 0.2 mm in our design.

Fig. 5(a) and Fig. 5(b) depict the effect of w_ratio and
d_ratio on the propagation constant difference (A() between
the two orthogonal degenerated TE modes respectively, when
R, is kept to 2.4 mm. The results show that, with a fixed R,,
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Fig. 6. Effect of the groove width and depth with different waveguide cross-
section radii (R.) on the maximum phase error (¢7**%).

larger w or d will result in larger AS, which means shorter
waveguide length will be needed to generate a CP wave. It
can also be observed that groove depth will introduce larger
AQ than groove width with the same size. In Fig. 5(c), AS
with different cross-section radius is shown when w_ratio and
d_ratio are fixed to 0.6 and 0.4, respectively. It can be found
that, with the same groove width ratio and groove depth ratio,
the larger waveguide cross-section will lead to smaller AS. In
addition, all the results above show the frequency response of
Ap is not flat over the band. This uneven frequency response
will limit the 3-dB AR bandwidth due to the phase error
introduced after the two degenerated modes propagate over
a certain distance.

Fig. 6 illustrates the maximum phase error in degree over the
expected operating bandwidth from 80 GHz to 110 GHz with
the waveguide length that leads to the phase difference of 90°
between the two orthogonal degenerated modes at the center
frequency of 95 GHz. The ranges of w_ratio and d_ratio in
this analysis are between 0 and 0.6. The maximum phase error
in radian can be expressed as

00" =mar{|AB(f)lo — 7 /2L F={fi< [ < fr} (62)
lo=(m/2)/AB(fe) (6b)
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where f; =80 GHz, f, = 110 GHz and f. =90 GHz.

It can be found in Fig. 6 that larger groove width and depth
will lead to smaller phase error hence wider AR bandwidth,
and the phase error can be improved more by increasing the
groove depth than by increasing the groove width. The reason
for this is that, although the frequency response of A is more
even when groove width and depth is smaller, as shown in
Fig. 5(a) and Fig. 5(b), the level of A is so low that a much
longer waveguide is needed to achieve 90° phase difference
at the center frequency than the length needed when larger
groove width and depth are used. As increasing groove width
and depth will significantly increase the level of AS hence
reducing the required waveguide length [y considerably, while
the increment of AS(f) difference across the bandwidth is
not as much as the decrease of Iy, ¢*** can be lower when
groove width and/or depth become larger. However, it should
be pointed out that larger groove depth will cause narrower
impedance bandwidth since the larger abrupt change in the
waveguide structure is introduced, which implies that there
will be a trade-off between impedance bandwidth and 3-dB
AR bandwidth.

On the other hand, the result also shows that a larger cross-
section radius will result in a lower phase error level (see
the color bars next to each subfigure to find the phase error
ranges of different cross-section radius). This means, not like
reducing the groove depth and width, increasing waveguide
cross-section radius will improve the flatness of the frequency
response of AfS so significantly that it can overcome the
penalty introduced by larger waveguide length.

The analysis in this section suggests that a grooved-wall
circular waveguide with flare-tapered cross-section and large
groove widths should be designed to achieve wider overall
bandwidth within a reasonable waveguide length in achieving
a wideband CP horn.

III. MULTI-SECTION GROOVED-WALL CP HORN DESIGN
A. Geometry Design

In the design of the N-section grooved-wall CP horn,
dimensions of the N + 1 cross-sections (Sp, ..., Sn) of the
grooved-wall waveguides will be decided first; then all cross-
sections will be connected sequentially with linear transition.
In our case, N = 3. The geometry of a grooved-wall CP horn
with three linearly flared sections is presented in Fig. 7. In
our design, the groove depth of the first cross-section is set
to 0 in order to minimize the discontinuity between it and the
input circular waveguide or the square-to-circular waveguide
transformer. The groove depth of the last cross-section is also
set to O so that the aperture will be close to a circle so that the
amplitudes of the two orthogonal TE;; modes will be more
balanced, as shown in our previous work [38].

The geometry of the grooved-wall multi-section horn is
optimized using the Covariance Matrix Adaptation Evolu-
tion Strategy (CMA-ES) algorithm, which is proved to be
promising in optimizing complicated EM devices in a self-
adaptive way [42]. We have developed a Python software
to control CST MWS full-wave simulations and analyze the
result data exported from CST simulation automatically. A
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Fig. 7. Geometry of the multi-section grooved-wall CP horn.

TABLE I
THE OPTIMIZED DIMENSIONS OF THE MULTI-SECTION GROOVED-WALL
HORN.

Parameters Lo L1 Lo Ls
Values (mm) 0 19.775  34.659  44.075
Parameters Ro(R;) Ry Ro R3(Ro)
Values (mm) 1.531 2914 3.618 5.688
Parameters do dy da ds
Values (mm) 0 1 0 0
Parameters wo w1 w2 w3
Values (mm) 1.07 2.58 3.706 5.715

Python implementation of CMA-ES [43] is integrated into
this software, so that the complete software is able to perform
automatic CMA-ES optimization with full-wave simulations.
Since we aim to achieve low reflection coefficients, AR < 3 dB
as well as rotationally symmetric radiation patterns with a low
side-lobe level (SLL) over the entire operating bandwidth, a
cost function including multiple objectives is defined. CMA-
ES will try to minimize the value of the cost function to find
the optimal design after a sufficient number of iterations. The
optimized dimensions are shown in Table L.

B. Simulated Results of the Multi-Section Grooved-Wall CP
Horn

The simulated reflection coefficients and AR of the op-
timized multi-section grooved-wall CP horn are shown in
Fig. 8, where |S1(v),1(v)| is the reflection in v-mode (see
Fig. 7) when input port is excited by v-mode which will affect
the reflection coefficient of the complete dual-CP antenna,
and |S1(h),1(v)| is the reflection in h-mode (see Fig. 7)
when input port is excited by v-mode which will affect the
isolation of the complete dual-CP antenna. It can be found
that |S1(v), 1(v)| < —42 dB and |S1(h),1(v)| < —35 dB is
achieved over the desired operating bandwidth from 80 to 110
GHz. The AR is below 2.6 dB over the same bandwidth.

In order to investigate if higher-order modes excited in the
flared sections of the optimized multi-section grooved-wall CP
horn will affect the CP performance, mode analysis at the
horn aperture is carried out using CST MWS. Fig. 9 shows



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

Citation information: DOI 10.1109/TAP.2021.3118837, IEEE Transactions on Antennas and Propagation

JOURNAL OF KX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015

o
=
o

— |S1(v),1(v)]| —e— Axial Ratio 9

-20 === ]S1(h),1(v)| 8
3 T3
w 6 o
E 5 &
= 4
s 3

2

1

0

80 90 100 110

Frequency (GHz)
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Fig. 9. Normalized magnitudes of the two orthogonal TE;; modes and the
three largest higher-order modes at the aperture of the optimized grooved-wall
CP horn.

the normalized magnitudes (|S21|) of the two orthogonal
degenerate TE;; modes (mode-1 and mode-2 in Fig. 2) and
three largest higher-order modes at the horn aperture when the
horn is excited by the vertical TE;; mode (v-mode in Fig. 7).
It can be seen that the magnitudes of the two orthogonal
degenerate TE; modes (two orthogonal components of the CP
wave) at the horn aperture are both kept around -3.5 dB and
close to each other over the entire operating bandwidth from
80 - 110 GHz, which accounts for 89% of the total power.
The three largest higher-order modes are TEy;, TM;; and
TE3;; modes. It can be observed that these higher-order modes
are all well suppressed; their magnitudes are at least 10 dB
lower than those of the two TE;; modes. The higher-order
mode with the largest magnitude is TM; mode, accounting for
about 4% of the total power. TM|; mode is introduced at the
aperture of the optimized horn because the addition of about
5% TM;; mode (with respect to 95% power of TE;; mode) to
the dominant TE;; mode at the aperture can improve radiation
patterns’ symmetry, suppress cx-polarization and SLLs in
comparison with the radiation performance generated by TE;;
mode alone [44]. A larger proportion of TM;; mode (optimum
is 15%) is required to further reduce the cx-polarization at the
expense of narrow bandwidth and limited aperture efficiency
due to the null in the far-field pattern of TM;; mode [44], [45].
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Fig. 10. Simulated magnitude and phase difference between x and y E-field
components (E; and E,) of the LHCP wave in the farfield region when
the input port of the optimized multi-section grooved wall horn is excited by
v-mode. Magnitude difference (dB) is |Ey| — |Eg|.

24

—— Directivity LHCP
—— Directivity RHCP

Directivity (dBic)
N N
o N

=
o]

80 85 90 95 100 105
Frequency (GHz)

110

Fig. 11. Simulated directivity and aperture efficiency of the optimized
grooved-wall CP horn.

Since the working principle of the proposed CP horn design
relies on the manipulation of the dominant TE;; modes and
the main objective is to achieve very low reflection coefficients
over a wide bandwidth, the majority of the power is kept for
TE;; modes in this design. It is also worth mentioning that
the first two higher-order modes, TMy; and TE,; modes, are
suppressed below -100 dB, so they are not shown in Fig. 9.

Fig. 10 depicts the magnitude and phase difference be-
tween the two orthogonal E-field components (E, and E)
of the LHCP wave at boresight in the farfield region when
the input port is excited by v-mode. The result shows that
the magnitudes of the two orthogonal components are very
close to each other, and the phase difference is 90° £ 15°
within the frequency range of 80 - 110 GHz, which is
acceptable according to several reported wideband dual-CP
antennas [23](88° £ 20°) and CP antennas [4](90° 4 15°),
[46](90°£10°). Since AR is determined by both the magnitude
difference and the phase difference [47], these results lead to
an AR < 2.6 dB as shown in Fig. 8, which meets the widely
accepted standard of AR < 3 dB for CP antennas [5]. The
result for RHCP associated with the excitation of A-mode at
the input port is the same due to the symmetry of the structure,
except that the phase difference has an opposite sign.
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common port

(port 1)

Fig. 12. Schematic of the asymmetric OMT used in this paper.

Another important performance of a multi-section smooth
wall horn is the aperture efficiency. Typically, horn antennas
have aperture efficiencies from 35% to 80% [47], and high
aperture efficiency is desirable in certain applications such as
horn arrays [45], [48]. Although the aperture efficiency was
not one of the five optimization objectives (see Section III-A)
and the main aim is to achieve very low reflection coefficients
over a wide bandwidth, we verified that the optimized multi-
section grooved-wall CP horn has an aperture efficiency at a
moderate-high level, as presented in Fig. 11. It can be found
that the aperture efficiency of the multi-section grooved-wall
CP horn is from 74.6% to 68.7%.

IV. ORTHOMODE TRANSDUCER DESIGN
A. OMT Design

To realize the wideband dual-CP antenna with high isolation
based on the grooved-wall CP horn in Section III, a wideband
OMT with high isolation is required. Although the symmetric
OMTs such as [49] and [50] could be a better choice as they
offer wider bandwidth and better matching and isolation level,
their structures are complicated for fabrication, which also
limits their capability to scale up to even higher frequencies.
Since we aim to demonstrate the dual-CP capability of our
grooved-wall CP horn and show its potential to be scaled up to
higher frequencies, the asymmetric OMT in [41] was chosen,
which has been scaled up to over 600 GHz [51], [52].

The geometry of the OMT we used in this paper is shown
in Fig. 12. The vertical polarization in the common port (port
3) is guided to the v-port (port 1) which is in line with the
common port, while the horizontal polarization is extracted
to the h-port (port 2) by using a T-shaped waveguide. This
design is based on the designs presented in [41], [51], but
with a critical modification that can resolve a major issue of
this type of OMT.

In [41] and [51], the OMTs are split horizontally into two
block halves in the middle of the common port in fabrication,
as shown in Fig. 13(a). However, it is noted in [41], [51] that
the polarization isolation is very sensitive to the misalignment
between the upper and lower block halves, and the reason
is explained in [41]. According to the analysis in [41], the
polarization isolation will deteriorate to 22 dB when the
misalignment is 7 pm in W-band.

In order to mitigate degradation of the cross-polarization
level caused by this misalignment error and achieve high

y
Split-Plane T_.z

Stepped waveguide
transformer
X

(a) Horizontal-split blocks in [41].
Aligned stepped X
L»Z

(b) Vertical-split blocks propsed in this paper.

Fig. 13. OMT split-block design (a) in [41] and (b) proposed in this paper.
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Fig. 14. Dimensions of the optimized OMT.

polarization and port isolation, we have modified the OMT
design in [41] so that the stepped waveguide transformer to
the v-port is aligned with the T-junction waveguide on the
side of the h-port arm, which is illustrated in Fig. 13(b). This
modification allows the OMT to be split on the aligned side of
the axial part of the OMT, which prevents the cross-section of
the axial waveguide to the common port from being changed
if there is a misalignment between two splitting blocks during
assembling, as shown in Fig. 13(b).

The OMT design is optimized using CST MWS to cover the
frequency range from 80 - 110 GHz with expected polarization
and port isolation larger than 50 dB. The optimized dimensions
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Fig. 15. Reflection coefficients for (a) port 1 and (b) port 2, and (c) port isolation when port 1 is excited.

of the OMT are presented in Fig. 14.

B. OMT Simulation Results

The full-wave simulation of the proposed OMT is carried
out using CST MWS. The reflection coefficients, port isolation
and polarization isolation of the proposed OMT are shown in
Fig. 15 to Fig. 16. The impact on these characteristics caused
by the misalignment shown in Fig. 13(a) and Fig. 13(b) is also
presented to demonstrate the improvement for misalignment
tolerance resulted from the modification we introduced.

It can be observed from Fig. 15(a) and Fig. 15(b) that the
reflection coefficients for both port 1 and 2 are below 20 dB,
and there is no noticeable impact on the reflection coefficients
for both port 1 and port 2 if the misalignment is within 40
pwm when the splitting approach we proposed is applied. On
the other hand, the reflection coefficient at two ends of the
operating bandwidth deteriorates when horizontal splitting is
applied, and the misalignment reaches 40 um.

In Fig. 15(c), it can be seen that the port isolation is lower
than 60 dB for port 1, and will decrease as the misalignment
between two vertical-split blocks increases, but can still be
kept higher than 40 dB from 80 GHz to 110 GHz if the
misalignment is smaller than 40 pm. However, when the
misalignment increases to 40 pm, the port isolation level
decreases to 25 dB at 80 GHz if the proposed OMT is
horizontally split into two block halves. Only |Ss;]| is shown
here because |S12] is the same as |Sa1| due to the symmetry
of port isolation in the simulation.

Fig. 16 depicts the polarization isolation level for vertical
and horizontal polarization, where |S3(h), 1(v)| denotes the
cross-polarization (horizontal polarization) level at port 3
when port 1 is excited, and |S3(v),1(h)| denotes the cross-
polarization (vertical polarization) level at port 3 when port
2 is excited. It can be found that the polarization isolation >
50 dB is achieved. Significant degradation of polarization can
be observed if the OMT is horizontally split, the polarization
isolation decreases to 20 dB at the lower end of the expected
operating bandwidth even with only 10 pm misalignment,
which is also consistent with the analysis result presented
in [41]. By contrast, the polarization isolation can still be kept
above 35 dB even if the misalignment increases up to 40 pum
when the OMT is vertically split as we proposed.
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Fig. 16. Polarization isolation for (a) vertical polarization (when port 1 is
excited) and (b) horizontal polarization (when port 2 is excited).

Therefore, the simulated results show that, by using our
design, a significant improvement in port isolation and polar-
ization isolation can be achieved when there is a misalignment
between 2 split blocks during assembling.

V. MEASUREMENT OF THE COMPLETE DUAL-CP
ANTENNA AND DISCUSSION

A. Simulated and Measured Results

Full-wave simulation of the complete dual-CP antenna
shown in Fig. 1 is performed using CST MWS.
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Fig. 17. Photograph of the prototype of the proposed dual-CP antenna.
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Fig. 18. Measured and simulated (a) Reflection coefficient and (b) Isolation
of the proposed dual-CP antenna.

A prototype of the proposed dual-CP antenna working in
the W-band is fabricated, and a photograph of the prototype
is shown in Fig. 17. The multi-section grooved-wall horn
and the square-to-circular waveguide transformer is fabricated
as one piece using spark erosion rather than two split-block
halves using CNC milling, because the misalignment of two
halves during assembling will significantly degrade the AR
as discussed in [32]. The OMT is split into two blocks as
illustrated in Fig. 13(b), and is fabricated using spark erosion
and CNC milling. The spark erosion is applied to fabricate
the T-shaped junction of the OMT so that all the steps and
round corners in the design can be fabricated. The waveguide
sections without steps are fabricated using CNC milling. The
horn with the square-to-circular waveguide transformer is then
assembled with the OMT via UG387 flanges.

The scattering parameters measurement of the dual-CP an-
tenna is performed using a Keysight PNA-X network analyzer
with two OML WR-10 extension heads. The measured and
simulated reflection coefficients and port isolation of the dual-
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Fig. 20. Measured polarization patterns of the proposed dual-CP antenna at
several frequencies within the frequency range from 80 to 110 GHz.
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Fig. 21. Measured and simulated AR of the proposed dual-CP antenna over
the frequency range from 80 to 110 GHz.

CP antenna are shown in Fig. 18. It can be found from
Fig. 18(a) that the reflection coefficients of both port 1 and port
2 are below —20 dB over most of the frequency range from
80 GHz to 110 GHz, they only deteriorate to —16 dB around

Content may change prior to final publication.
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Fig. 22. Normalized measured and simulated LHCP (port 1 excited) radia-
tion patterns of the proposed dual-CP antenna at (a) 80 GHz, (b) 95 GHz and
(c) 110 GHz.

82.5 GHz, and the measured results are close to the simulated
ones. According to Fig. 18(b), measured |Sy1| and |Sia| are
both lower than —32.5 dB over the frequency range from 80
GHz to 110 GHz, which agrees well with the simulated results.
Therefore, port isolation higher than 32.5 dB is achieved over
a bandwidth of 31.6%.

The radiation characteristics are measured using a mmWave
Compact Antenna Test Range (CATR) in the Antenna Lab at
Queen Mary University of London. The photograph of the
CATR measurement setup for the proposed dual-CP antenna
is shown in Fig. 19. In the mmWave CATR, a W-band
linearly-polarized corrugated horn is connected to a motor
and installed in the CATR as a reference feed antenna, which
can be rotated to an arbitrary angle within 360° along its
center axis, so that the magnitudes of different polarization
components of Antenna Under Test (AUT) can be measured. In
this measurement, the rotation angle of the reference antenna
is set from 0° to 150° with a step of 30° to measure 6
polarization components, which is proved to be sufficient to
find the major and minor axes of the polarization ellipse of this
antenna. For each angle, the AUT mounted on a positioner is
scanned horizontally to measure the magnitudes with respect
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Fig. 23. Normalized measured and simulated RHCP (port 2 excited) radia-
tion patterns of the proposed dual-CP antenna at (a) 80 GHz, (b) 95 GHz and
(c) 110 GHz.

to azimuth (#) for this polarization components. After that,
the polarization components with maximum and minimum
magnitudes at § = 0° (boresight) are considered as the major
and minor axes of the polarization ellipse, respectively. The
ratio of the maximum to minimum magnitude defines the AR
at the boresight of the AUT. By calculating the difference
between these two selected curves, AR with respect to 6 can
also be obtained.

According to the obtained AR with respect to azimuth
(6), cross-polarization discrimination (XPD) with respect to
azimuth () can be derived, and together with total radiation
derived from magnitudes of major and minor axes of the
polarization ellipse, the LHCP/RHCP components can be
calculated.

The normalized measured polarization patterns [53] of the
proposed dual-CP antenna at several frequencies across the
expected operating bandwidth from 80 GHz to 110 GHz are
illustrated in Fig. 20, which reveals the CP characteristics
of the proposed dual-CP antenna. The coordinate system in
Fig. 20 follows that in Fig. 1. As can be seen from the figure,
the polarization patterns at the middle frequencies are closer
to circles than those at the edge frequencies, which implies
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Fig. 24. Measured gain and simulated directivity of co-pol and cx-pol at boresight over the entire operating bandwidth for (a) LHCP (port 1 excitation) and

(b) RHCP (port 2 excitation).

TABLE II
COMPARISON WITH OTHER DUAL-CP ANTENNAS BASED ON WAVEGUIDE STRUCTURES.

Ref  Frequency (GHz) Type Reflection Isolation AR (dB) Overall Max Gain  Antenna Year
Coefficient (dB) Band- (dBic) Length
(dB) width
[26] 1.27 - 1.32 Septum polarizer + Horn <-25 >30 <1" 3.9% — 4.3X\o 2011
[27] 1.57542 Septum polarizer + Horn <-29.3 >23 <0.023 1.0% 16.2 5.44 0 2016
[28] 8-85 Septum polarizer array <-15 >20 <0.7 13.0% 8 ~ 1.76 o 2009
[30] 28.5-31.2 Septum polarizer + Horn <-25 >27 <0.7 9.0% — 12.5)¢ 2018
[31] 27.6 - 32.4 Septum polarizer + Waveguide array <-10 >13 <3 16.0% 32.8 5.10 2017
[39] 53.71 - 58.1 Mono-Groove Polarizer + Horn <-10 >15" <2.2 7.9% 12 7.5X0 2020
[32] 76.8 - 94.7 Septum polarizer + Horn <-15 >20 <5.8 20.9% 20.3 16.4X0 2019
[33] 213 - 237 Septum polarizer + Horn <-21 >30 <15 10.0% 22™ - 2013
This 80 - 110 Multi-section grooved-wall CP horn <-20 >32.5 <2.8 31.6% 21.6 21.6X0 2020
work + OMT
* Simulated results.
** Simulated results of the linearly-polarized horn.
good AR is achieved in the middle of the expected working the OMT.

bandwidth, and AR deteriorates at the two ends of the expected
working bandwidth. It can also be observed that the major axes
of the polarization ellipses deviate from z— and y—axis (0°
and 90°), which means the phase difference shifts away from
90° when the frequency goes towards the low and high ends of
the operating bandwidth and is consistent with the simulated
result shown in Fig. 10.

Fig. 21 depicts the measured AR derived from the aforemen-
tioned measuring approach and the polarization patterns. The
result shows that the measured AR of both LHCP and RHCP
are below 2.8 dB from 80 GHz to 110 GHz. It can also be
observed that the measured AR slightly shifts left from the
simulated AR. This small discrepancy is probably due to the
fabrication error of the horn and groove dimensions, which
will cause the phase difference between the two orthogonal
components of the generated CP wave to deviate from that in
design.

Therefore, taking the impedance and AR bandwidth into
account, the overall operating bandwidth of 31.6% (80 - 110
GHz) is achieved for the proposed dual-CP antenna with port
isolation > 32.5 dB and AR < 2.8 dB. In fact, the overall
operating bandwidth is limited by the reflection coefficient of

The normalized measured and simulated radiation patterns
of LHCP and RHCP within £60° in the yz— and zz—plane
(see Fig. 1) at 80 GHz, 95 GHz and 110 GHz are presented
in Fig. 22 and Fig. 23. AR with respect to 6 is also shown in
the figures. The measured radiation patterns agree well with
the simulated ones. It can be found that a good rotational
symmetry is achieved for the main lobes at all frequencies,
allowing this dual-CP antenna to be used as a feed to a reflector
antennas if higher gain is required. Sidelobe level (SLL) lower
than —30 dB is also observed.

Fig. 24(a) and Fig. 24(b) show the measured gain and
simulated directivity of co-pol and cx-pol at boresight over the
entire operating bandwidth for LHCP (port 1 excitation) and
RHCP (port 2 excitation), respectively. The result shows that
the co-pol gain of LHCP is from 17.6 dBic to 21.6 dBic, and
the co-pol gain of RHCP is from 17.9 dBic to 21.6 dBic. It can
also be derived from the figure that the best cross-polarization
discrimination (XPD) is around 34 dB, while the worst case
is about 17 dB for RHCP within the operating bandwidth. All
the results agree well with the simulated ones.
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B. Comparison and Discussion

The performance of other reported dual-CP antennas based
on waveguide structures are summarized in Table II in com-
parison with the results of the dual-CP antenna proposed in
this paper. The overall bandwidth in the table describes the
overlapped bandwidth for the impedance and AR. )\g is the
wavelength in free space at the center frequency. It can be
found that our design shows the highest isolation over the
widest bandwidth among all dual-CP antennas ever reported.
In comparison with the design presented in [39] consisting
of the mono-groove polarizer and horn, our design shows
significantly higher isolation over a wider bandwidth with
lower reflection coefficient and similar AR, as well as higher
gain. When compared with the designs based on the septum
polarizer and horn, our design with a septum-free structure
not only has higher isolation over wider bandwidth, but also
can be scaled up to THz band. However, it should be noted
that the antenna length of our design is longer than others.
The reason for this lies in the fact that the grooved-wall horn
achieves wide AR bandwidth at the expense of longer groove
length, as explained in Section II-B. Additionally, a relatively
long (3.33)\¢) smooth square-to-circular waveguide transition
is used instead of a stepped waveguide transition because it
can achieve a low reflection over a wider bandwidth at the
expense of longer length [44]. Although the wideband OMT
with a circular waveguide common port, such as [49], can
be used to avoid the square-to-circular waveguide transition
hence reducing the overall length, the OMT design based on a
T-shaped junction is chosen because it has a hollow waveguide
structure and has been scaled up to THz band.

VI. CONCLUSION

This paper presents a new type of dual-CP antenna is pre-
sented, which is based on a multiple-section grooved-wall CP
antenna and an improved OMT. The multiple-section grooved-
wall CP antenna consisting of multiple conical sections has
a pair of grooves with variable depth and width on the
walls of each section, which serves as an inbuilt polarizer to
generate CP. This CP antenna is demonstrated to be able to
generate dual-CP with the operating principle being illustrated.
A prototype of the proposed dual-CP antenna working in the
W-band is designed in simulation and verified in experimental
measurement. The simulated and measured results are in good
agreement, showing that a 31.6% bandwidth ranging from 80
GHz to 110 GHz is achieved with reflection coefficient <
—20 dB and port isolation > 32.5 dB as well as AR < 2.8
dB for both LHCP and RHCP. A high gain of 19.642 dBic is
realized for both LHCP and RHCP over the entire operating
bandwidth. Rotationally symmetric radiation patterns are also
observed with the SLL lower than —30 dB. To the best of
the authors’ knowledge, this is the dual-CP antenna with
the highest isolation over the widest bandwidth ever reported
among all dual-CP antennas. Furthermore, with a septum-free
structure, this type of dual-CP antenna has the potential to be
scaled up to even THz band.
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