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Abstract— This paper presents the design of a W-band
multimode horn feed (MHF) to illuminate an offset dual-reflector
system in a parallel-plate waveguide (PPW), aiming to improve
the antenna efficiency by achieving nearly uniform aperture
illumination. While conventional horns typically achieve ~ 80%
aperture efficiency in classical reflector systems, an open question
is how closely multimode horn feeds can approach the theoretical
efficiency limit in PPW-based architectures. The proposed MHF
incorporates a horizontal stepped waveguide structure to excite
higher-order modes, each with a specific complex coefficient,
thereby producing a sub-reflector illumination pattern that
closely approximates the ideal secant profile. The MHF design
has been explored for both single-polarized and dual-polarized
configurations, achieving a taper efficiency of 97% for the
reflector system in PPW. The design trade-offs for achieving
high taper efficiency and minimal spillover loss, while addressing
challenges such as multiple sidewall reflections and phase
aberrations in closed metallic structures, are also discussed.

Keywords — Reflector antenna, mutimode horn, parallel-plate
waveguide (PPW), mm-wave, sub-THz antennas.

I. INTRODUCTION

Next-generation wireless communication systems are
expected to provide higher data rates than present-day
solutions to meet the growing demand for fast and
reliable information access. This advancement calls for the
development of innovative antennas operating above 100 GHz
[1]-[3]. To compensate for increased material dissipation and
free-space path loss at mm-wave and sub-THz frequencies,
these antennas require higher gain (typically above 30
dBi). In this regard, low-profile antennas with quasi-optical
beamformers integrated into parallel-plate waveguides (PPWs)
are particularly promising due to their high directivity, high
radiation efficiency, multi-beam capabilities, and scalable,
modular implementation [4]. However, electromagnetic design
and optimization can be challenging due to a complex,
multi-scale structure (with electrically large overall dimensions
and fine geometrical features).

The present work builds upon the previous study in
[5], which presented a low-profile, broadband, dual-linearly
polarized offset dual-reflector antenna at W-band (75-110
GHz). This solution offers an advantage over most
conventional PPW quasi-optical beamformers, which are

typically limited to single polarization, by leveraging
dual-mode excitation (quasi-TEM and quasi-TE; modes)
in an overmoded PPW. However, this antenna exhibits
moderate aperture efficiency (approximately 30%). Enhancing
the aperture field uniformity of the offset dual-reflector
system is a promising strategy for improving overall antenna
efficiency. A key approach to achieving this is tailoring the
horn feed to produce the desired feed pattern. Pattern shaping
of horn antennas have been extensively studied to enhance
key performance metrics, including cross-polarization, aperture
efficiency, and sidelobe levels [6], [7].

Our work aims to design a multimode horn feed to
illuminate the offset dual-reflector system in the PPW. The
goal is to obtain a feed pattern similar to an ideal secant
distribution, which would produce a reflector antenna with a
uniformly illuminated aperture and minimal spillover loss [8].
The design process begins with the analysis and synthesis of
a single-polarized multimode horn in PPW, as discussed in
Section II, and is later extended to a dual-linearly polarized
configuration in Section III. The performance of the antenna
system is evaluated through a comparative analysis with a
system utilizing the original horn. Finally, conclusions are
drawn in Section IV.

II. SINGLE-POLARIZED MULTIMODE HORN FEED

The considered offset dual-reflector system illuminated by
a multimode horn feed (MHF) in the PPW is shown in Fig. 1
(a), with the focal ratio of F,/D,, = 0.5, assuming the
sub-reflector is nearly in the far-field region of the feed horn.
First, we discuss the design of a single-polarized MHF in the
PPW, as illustrated in Fig. 1 (b). The height of the PPW,
denoted as Hy, is set to 0.4)\g, where )\ is the free-space
wavelength at the central design frequency fy = 90 GHz. This
configuration ensures that only the fundamental TEM mode
propagates in the PPW.

The detailed schematic of the proposed MHF is shown in
Fig. 2. The MHF is excited by the fundamental TE;; mode
of a standard rectangular waveguide (WG), with multiple WG
steps introduced to generate higher-order modes, each with a
specific complex coefficient. A tapered section with a flared
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Fig. 1. (a) Geometry of offset dual-reflector system illuminated by MHF in
PPW. (b) Configuration of MHF in PPW. Note: the arc radius represents the
distance from the MHF phase center (PC) to the sub-reflector tip.

Fig. 2. Schematic of the proposed MHF.

angle «ay is incorporated to facilitate impedance matching. For
the given Hy, only TE,,o (to y) modes propagate in the horn
with no variations along the z-axis. Our first objective is to
determine the unknown coefficients of the excited modes in
the horn to achieve the desired secant beam shape. Initially, an
approximate solution is derived through analytical calculations.
Given a horn with aperture size a and flare angle ag, and
considering structural symmetry, the radiated F, field in the
xy-plane can be expressed as [9]

a/2 )
E.(¢) = F(z)e Th"dy (1)
—a/2
where k, = ksing; k = 2w/A\g; F(x) represents the
aperture distribution of the electric field component E.(z) as
a superposition of the modal fields:

F(x) = Z |Cmol cos (—m;m) eI (PmotAmo(2) ()

Here, C),0 are unknown modal amplitude coefficients of
the aperture field; m = 1,3,5,... is the modal index. P,
denotes the accumulated phase of each mode, while A,,o(z)
quantifies the phase error at the aperture. As waves propagate
radially, the phase fronts adopt a cylindrical shape, introducing
path difference relative to an ideal plane wave at the aperture.
At any aperture point x, the path difference, denoted as d(x),
can be determined by

0(x)=va2+ L2 —L0<|z|<a/2 3)

where L represents the radius of curvature of the cylindrical
wavefront at the aperture, as depicted in Fig. 2. For each mode,
the corresponding phase error at the aperture is given by

_ 27d(x)

Amo(m) /\
gm

4)

where )y, represents guided wavelengths for TE,,g
modes, defined as

)\gm — #2 (5)
1= ("522)

To achieve the optimal beam shape, specifically, a
secant distribution, the mode coefficients C,,o and P, are
determined by satisfying the following conditions for the
normalized PPW field E,

— 2
E.(9) = m, 9] < ¢, ©)
EL(6) < ~10dB, [¢] > o. ™

Here, ¢. represents the half-subtended angle of the
sub-reflector. Eq. (6) ensures that the E, field distribution
matches the ideal pattern within the subtended angle,
while Eq. (7) imposes a constraint for spillover loss
outside this range. An optimization process implemented in
MATLAB provides initial estimates for C,,o and P, at the
center frequency of 90 GHz. The MHF geometry is then
optimized through full-wave simulations to achieve the desired
performance. The structure consists of a stepped WG with
two ports [see the inset in Fig. 3 (a)]. The input port is
excited with the TE;; mode, while the output port supports
multiple higher-order modes. The S-parameters are analyzed
to determine the relative amplitudes and phases for each mode
of the output WG.

Initially, a dual-mode horn is considered, in which TE
and TE3p modes dominate the modal content. In this setup,
the horn aperture must satisfy a < 2.5)¢ to prevent the
excitation of higher-order modes, considering the short horn
with a large flared angle. The approximate method predicts an
optimal ratio of |C39/C1o|? ~ 0.64, however, the full-wave
simulations reveal that this ratio cannot be reached within
the given aperture constraint. To provide greater flexibility
in modal control, the excitation the TEsy is required. The
optimal modal coefficients at 90 GHz for three modes are
estimated as |Csg : C3o : Cpo)> ~ 0.2 : 1 : 0.66 with
corresponding phases Psg ~ 99°, P39 =~ 11°, and Py ~ 0°.
Fig. 3 (a) shows the computed power of the three modes
at the output port. At 90 GHz, the full-wave results yield
|Cs0 : C39 @ Cig? =~ 0.25 : 1 : 0.8, reasonably close to
the predicted values. However, precisely controlling both the
amplitude and phase of the three modes remains challenging.
Note that in a multimode horn, modal interference at the
aperture influences the final phase distribution, leading to an
equivalent phase center that may deviate from the geometrical
curvature center. Therefore, the lengths L, Lo, and L3 are
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Fig. 3. (a) Computed magnitude of the transmission coefficient for the three
modes. (b) Modulus of the instantaneous E-field distribution (in dB) inside
the PPW at 90 GHz. (c¢) Comparison of the simulated E. field distribution
along the arc of the proposed MHF in the PPW at 90 GHz. (d) Full-wave
simulated . field distribution along the arc at 85, 90, 95, and 100 GHz.
Design parameters (in mm): ap = 2.54,a1 = 8,a2 = 8.8,a = 11.67, L1 =
1.13, Ly = 1.15,L3 = 1.7.

60 90

carefully optimized through full-wave simulations to correct
the phase center of the MHF.

The E-field amplitude distribution inside the PPW at 90
GHz is shown in Fig. 3 (b). Fig. 3 (c) presents the full-wave
simulated F, field distribution at 90 GHz along the arc [see
Fig. 1 (b)], compared with the results from the approximate
method and the ideal beam shape. The result indicates that
the proposed MHF yields the sub-reflector tapering level of
—6dB within a subtended angle of 2¢., = 68°, considering
the trade-off between high taper efficiency and low spillover
loss. This behavior is consistent across a wide frequency range,
as demonstrated in Fig. 3 (d).

Fig. 4 (a) shows the configuration of the entire antenna
system in aluminum, which consists of the offset dual-reflector
system illuminated by the proposed MHF in the PPW, and
a flare towards the radiating aperture. Fig. 4 (b) compares
the E-field amplitude distribution in the dual-reflector system
for the proposed MHF and the original horn feed, showing
a notable improvement in aperture field uniformity. The
proposed MHF enhances sub-reflector taper efficiency to 97%,
compared to 75% for the original horn, while incurring a
10% increase in spillover loss at 90 GHz. However, this
increased spillover loss causes multiple sidewall reflections
that result in phase aberrations in the optical system. To
mitigate these effects, an absorber is strategically placed at a
strong reflection region, effectively reducing phase variations
to £15°, as demonstrated in Fig. 4 (c). A gain improvement
of 0.7dBi is achieved at 90 GHz, corresponding to a 10%
increase in antenna aperture efficiency. This improvement is
consistently observed across the entire W-band, as shown in
Fig. 4 (d). These results confirm the validity of the proposed
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Fig. 4. (a) Configuration of the entire antenna system with the proposed MHF.
(b) E-field distribution in the zy-plane at 90 GHz. (c) Amplitude and phase
distribution at the main reflector aperture at 90 GHz. (d) Simulated broadside
gain as a function of frequency.
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Fig. 5. Geometry of the proposed DP-MHEFE. (a) Top-view, (b) perspective
view, and (c) side-view. Values of the design parameters (in mm): wg, =
2.54,a0 = 8,a1 = 8,a2 = 9,a = 11.67,L1 = 6.6,L2 = 3.33,L3 =
1.65, Ly = 1.65.

design and its efficiency improvement for the single-polarized
configuration. The design concept is further explored to
develop the dual-polarized multimode horn feed (DP-MHF),
which is discussed in the following section.

IIT1. DUAL-POLARIZED MULTIMODE HORN FEED

The geometry of the DP-MHF is shown in Fig. 5. Details
of the corrugated feed horn can be found in [5]; the key
difference in this design is the incorporation of the 2-step
WG structure. For V-pol excitation, the structure closely
resembles the single-polarized MHF, as the longitudinally
corrugated plate performs as PEC for this polarization [5].
The design process begins by achieving the optimal modal
content predicted in Section II for V-pol. Given the aperture
size a = 3.5\, the horn supports the TEy; and TE>; modes
for H-pol excitation. However, directly controlling the modal
content for H-pol is challenging, as the horn dimensions
are primarily tailored to support the desired modal field for
V-pol. This constraint limits the ability to precisely shape
the H-pol beam. To suppress the undesired E-field spreading
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Fig. 6. (a) Configuration of the DP-MHF in PPW. (b) Simulated E field
distribution along the arc at 90 GHz for both polarizations.

within the PPW for H-polarization, which results from strong
edge diffraction due to the abrupt boundary transition at the
horn aperture, several chokes have been integrated near the
aperture, as shown in Fig.6 (a). With a height of approximately
0.25)\¢, these chokes act as a soft surface for H-pol, effectively
suppressing surface waves along the aperture metal sidewalls.
The simulated E, field distribution at 90 GHz along the arc
is plotted for both polarizations in Fig. 6 (b). As seen, the
H-pol beam exhibits a broader beamwidth, which consequently
results in higher spillover loss.

Fig. 7 (a) illustrates the configuration of the entire antenna
system with the DP-MHF, which maintains the same size as
the design in [5]. To mitigate multi-reflection effects caused by
increased spillover loss, absorbers have been introduced. The
E-field distribution, shown in Fig.7 (c), clearly demonstrates
more uniform aperture illumination for both polarizations at
90 GHz. Radiation patterns in the zy-plane at 90 GHz for
two polarizations are presented in Fig. 7 (b). Higher SLLs are
expected as a result of improved uniformity of the aperture
field. While directivity improves by 0.4—0.8 dB across 85-110
GHz for both polarizations, gain enhancement remains limited
due to increased spillover loss and the presence of absorbers.

IV. CONCLUSION

The design concept of MHF in the PPW is successfully
validated in a single-polarized system, demonstrating a 10%
improvement in aperture efficiency over 30% fractional
bandwidth. While adding the absorber can effectively mitigate
phase aberrations, further reduction of spillover loss requires
a more precise analysis to determine the ideal modal content.
In the dual-polarized configuration, increased spillover loss
imposes constraints, and the limited control over the modal
content for H-polarization remains a challenge. Future research
could explore techniques to shape the reflector rims and
minimize strong multiple reflections in targeted areas.
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Fig. 7. (a) Overall antenna system with the DP-MHF. (b) Radiation patterns
in the xy-plane of the antenna at 90 GHz. (c) E-field distribution in the offset
dual-reflector system at 90 GHz. The directivity (d) and gain (e) of the antenna
system are compared with those of the system using the original horn (OHF).
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