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Abstract—A phased array of triple-mode cavity antennas
(TMCA) has been developed and designed for multiband
millimeter-wave (mmWave) applications. It dynamically adjusts
frequency to simultaneously change polarization and beam direc-
tion, while also adapting broadside and endfire directions. The
unique design of the cavity mode results in small frequency ratios,
1.033 and 1.025. The 1 × 4 TMCA achieves a peak gain of 12 dBi in
the endfire direction for vertical polarization (VP) radiation, while
obtaining peak gains of 13.6 dBi for horizontal polarization (HP)
radiation and 13 dBi for vertical polarization (VP) radiation in
the broadside direction. The three radiation beam coverages can
achieve gains exceeding 9 dBi within a scanning range of 60 °. The
TMCA presents low complexity, high gain, support for orthogonal
polarization, and the dual capability of endfire or broadside beam
coverage, rendering it suitable for mm-Wave communication in
both base stations and vehicular applications.

Index Terms—Millimeter-wave, small frequency ratio,
tripleband, triple-mode cavity antenna (TMCA), triple-
polarization.

I. INTRODUCTION

THE swift advancement of fifth-generation (5G) cellular
network technology is leveraging the millimeter-wave

(mmWave) frequency range to offer unmatched data capacity
and communication speed for mobile devices [1], [2], [3], [4],
[5], [6], [7], [8]. The mmWave spectrum boasts higher absolute
bandwidth but lower relative bandwidth. To enhance millimeter-
wave spectrum utilization, improve beam coverage, and reduce
polarization loss factors, research on multifrequency, multipo-
larization, and multibeam coverage for mmWave antennas is
becoming increasingly crucial.
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Several methods exist for achieving multiband capabilities,
including shared aperture slot antenna arrays [9], surface plas-
mon resonance antennas [10], patch antennas [11], [12], and
cavity slot antennas [13], [14]. To enhance frequency coverage
while reducing polarization loss factors, multifrequency anten-
nas with orthogonal polarizations have been proposed. These
improvements are achieved either through modified feeding
networks [15] or by utilizing characteristic mode analysis [16]
to achieve orthogonal dual-polarization. Tuning different mode
frequencies for a small frequency ratio dual circular polariza-
tion has also been adopted [17], [18], [19]. Additionally, [20]
introduced a counterintuitive beamforming technique in two
bands. The frequency ratios of the aforementioned multiband
antennas are all higher than 1.04, and they are not designed
specifically for mmWave applications. At [21], the mmWave
generates three different polarization states: right-hand circular
polarization (RHCP), linear polarization (LP), and left-hand
circular polarization (LHCP).

In this letter, a triple-band, triple-polarization endfire /broad-
side mmWave phased array is presented. The antenna array
adopts a triple-mode cavity resonator and a single feed mode.
The design aims to excite three fundamental modes, TE011,
TE101, and TM110, within the metal cavity. The primary con-
tributions of the letter to the authors’ best knowledge are as
follows.

1) Allocation of the three fundamental modes across three
contiguous frequency bands accomplishes a small fre-
quency ratio of 1.03 and 1.025, which is the smallest in
literature.

2) Three orthogonal polarization radiation beams in two di-
rections have never been reported in the literature.

3) Orthogonal polarization is produced in the broadside di-
rection and vertical polarization in the endfire direction,
a concept yet to be proposed in multifrequency antennas
with three beams scanning ability.

The final 1×4 triple-mode cavity antenna (TMCA) is de-
signed to operate across triple bands: 26.76, 27.65, and
28.44 GHz.

II. ANTENNA DESIGN

A. TMCA Design

The metal cavity resonator antenna depicted in Fig. 1 has
external dimensions a, b, and c, and internal dimensions a1, b1,
and c1. Three different modes are excited through rotation and
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Fig. 1. Proposed triple-mode cavity antenna. (a) 3-D view. (b) Top view.
(c) Side view. (d) Bottom view. Dimensions (Unit: mm): a = 9.6, b = 10.1,
c = 9.1, a1 = 7.6. b1 = 8.1, c1 = 7.1, L1 = 3.67, W1 = 0.6, L2 = 3.89, W2 =
0.6, L3 = 3.91. W3 = 0.6, L4 = 3.3, W4 = 0.6.

Fig. 2. Equivalent circuit model of the proposed antenna.

biasing of the feeding slot. Radiating slot 1 on the side has a
length of L1 and a width of W1, designed for achieving endfire
horizontal polarization. Meanwhile, mutually perpendicular ra-
diating slots 2 and 3 have lengths L2 and L3, and widths W1 and
W2, respectively, intended for achieving broadside horizontal
and vertical polarizations. The bottom features a feeding slot
with a length and width of L4 and W4.

The antenna’s equivalent circuit is illustrated in Fig. 2,
wherein Cp1, Cp2, and Cp3, respectively denote the capacitive
loads of individual feedings in different modes. Additionally,
Ca1, Ca2, and Ca3 represent the capacitive loads of radiating
slots in distinct modes. (Ld1, Cd1), (Ld2, Cd2), and (Ld3, Cd3)
represent the resonator models for the TM110 mode, TE011

mode, and TE101 mode. The resonant frequencies of the three
resonance modes [22] can be calculated using the following
formulas as a result of the extremely small frequency ratios

Fig. 3. Influence of the regulating radiation slot on frequency. (a) Versus length
L1. (b) Versus length L2. (c) Versus length L3. Dimensional unit: mm. (d) gain
and efficiency of TMCA.

Fig. 4. Electric field distributions. (a) Electric field TM110 mode, f1.
(b) Electric field TE011 mode, f2. (c) Electric field TE101 mode, f3.

introduced by the metallic cavity structure:

f1 =
1

2π
√
Ld1 (Cp1 + Cd1 + Ca1)

(1)

f2 =
1

2π
√
Ld2 (Cp2 + Cd2 + Ca2)

(2)

f3 =
1

2π
√
Ld3 (Cp3 + Cd3 + Ca3)

. (3)

Fig. 3(a)–(c) shows the influence of the regulating radiation
slot on frequency. The frequency control of each radiator is
individual, which makes it possible for three beam controls with
different properties. In Fig. 3(d), the TMCA’s gain and efficiency
are displayed. The characteristics and orientations of the beams
at the three frequencies are not consistent. The three frequencies
of this cavity are designed at 26.76, 27.65, and 28.44 GHz. The
small frequency ratio allows the antenna to achieve different
polarizations within the 5G mmWave range while maintaining
performance for both endfire and broadside radiating antennas.

Fig. 4 depicts electric fields orthogonal in three directions and
at three frequencies. Although TM110 and TE101 modes generate
the same vertical polarization, they are distributed in different
directions, covering wide beam scanning in both endfire and
broadside directions.
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Fig. 5. Simulates the radiation pattern in three frequency bands. (a) f1. (b) f2.
(c) f3.

Fig. 6. 1 × 4 phased array architecture of TMCA with four ports.

Fig. 7. Feed substrate of TMCA antenna array. (a) Top view. (b) Bottom view.
Dimensions (Unit: mm): d = 1, r1 = 0.3, r2 = 1.5, L5 = 4.1, W5 = 5.7, L6 =
4.5, W6 = 3, L7 = 1.7, W7 = 3, Lk1 = 4.1, Lk2 = 3.6, Wk1 = 2.3, Wk2 = 2.2,
Lp1 = 1, Lp2 = 1.3, Wp1 = 0.55, Wp2 = 0.35, Wp3 = 0.55, Wp4 = 1.4.

Fig. 5 illustrates radiation patterns for these three frequencies,
with the green arrows indicating the direction of the electric field.
This demonstrates diverse polarizations while ensuring balanced
antenna radiation with both broadside and endfire components

B. 1 × 4 TMCA Phased Array Design

To prevent mutual interference of RF signals and enhance
system integration, the design incorporates Mini Subminia-
ture Push-On (Mini-SMP) connector waveguide transitions,
followed by transitioning to substrate-integrated waveguides
(SIWs) for feeding the triple mode cavity antenna.

Fig. 8. Photograph of the fabricated prototype. (a) Top view. (b) Bottom view.

Fig. 9. (a) Simulated and measured return loss for ports 1 and 2.
(b) Simulated and measured between nearby ports.

Fig. 10. Far-field measurement setup of 1 × 4 active phased array module of
the TMCA.

TABLE I
BEAM SCANNING RANGE IN BROADSIDE/ENDFIRE

The complete antenna structure is illustrated in Fig. 6, com-
prising a 4-element antenna array distributed along the x-axis.
The antenna is divided into two sections, consisting of a 1 × 4
TMCA and a feeding substrate. The 1 × 4 TMCA is crafted
using computer numerical control (CNC) metal machining and
connected to the feed substrate with screws. The SIW feed
channel is inclined to 45°. The antenna substrate in Fig. 7 is
made of Rogers5880 material with a thickness of 0.787 mm and
a dielectric constant of 2.2. Four surface mount Mini-SMPs will
be soldered at the position from Port1 to Port4. The detailed
dimensions of the feeding substrate have been optimized with
CST.
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TABLE II
COMPARISONS WITH REPORTED SMALL FREQUENCY RATIO ANTENNAS

Fig. 11. Simulated and measured beam scanning radiation patterns (solid:
simulation, dashed: measurement). (a) Co-pol endfire at 26.76 GHz endfire.
(b) Cross-pol endfire at 26.76 GHz. (c) Co-pol of broadside at 27.65 GHz.
(d) Cross-pol of broadside at 27.65 GHz. (e) Co-pol of broadside at 28.44 GHz.
(f) Cross-pol of broadside at 28.44 GHz.

III. ANTENNA ARRAY FABRICATION AND MEASUREMENTS

To validate the proposed 1×4 single-feed triple-band triple-
polarization millimeter-wave phased array, a prototype is fabri-
cated, as depicted in Fig. 8.

The simulation and measurement of the antenna return loss
are illustrated in Fig. 9. Due to symmetry considerations, only
the return loss of Port1 and Port2 is displayed. The |S11| of the

three frequencies, 26.76, 27.65, and 28.44 GHz, are all below
−10 dB. The presence of ripples is a result of multipath inter-
ference during the welding and testing processes. The measured
results align with the simulation outcomes. The simulation and
measurement of antenna isolation are illustrated in Fig. 9(b). Due
to the inherent characteristics of the cavity and the substantial
spacing between feed sources, the isolation between Port1 and
Port2, as well as between Port2 and Port3, at frequencies 26.76,
27.65, and 28.44 GHz, is all below−15 dB. The measured results
are consistent with the simulation results.

To validate the beam-steering capabilities of the multimode
metallic phased array cavity antenna, constructing a far-field
measurement environment, as shown in Fig. 10. Fig. 11 presents
radiation pattern plots at scan angles of 0°, 10°, 20°, and 25°,
show casing distinct polarization characteristics in different
directions. Test results closely match simulation results, with
an error within 1.5 dBi. Achieving high gain and beam scanning
with gains exceeding 9 dBi at angles above 50°. As the scanning
angles are symmetric, only half of the antenna beams’ scan
effects are displayed for clarity. Specific experimental data is
provided in Table I.

Compared to the multiband antenna in Table II, TMCA
achieves a small frequency ratio of 1.033/1.025 due to the high-Q
resonance characteristics of the cavity, offering both broadside
orthogonal polarization and endfire beam coverage.

IV. CONCLUSION

This letter presents a novel approach involving a metal cavity
antenna that utilizes resonance in three modes. This innovative
design enables the sequential excitation of vertical polarization
in the endfire direction, followed by orthogonal linear polar-
ization in the broadside direction, all while achieving effective
multi-band operation. To validate this, a phased-array antenna
operating in the mmWave frequency range is constructed based
on the proposed design concept, and measurements are con-
ducted to confirm the effectiveness of the introduced design.
In conclusion, the TMCA demonstrates attributes such as a
small frequency ratio, multidimensional triple-polarization radi-
ation capabilities and versatile adaptability to diverse prescribed
frequencies.
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