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Abstract—Slot-based cavity antennas are hailed as promising
candidates for millimeter-wave applications. Nevertheless, the
linear-polarization (LP) angle of their broadside main beam
is limited by the slots etched on the cavity’s top surface. In
this work, an innovative technique is developed to significantly
improve the selection flexibility of their LP inclination angle. It
is attained by an integration of a single-layer, closely-spaced C-
shaped patch surface. A TE710-mode slot-based cavity antenna is
employed as the base configuration, which radiates a broadside
beam with its LP along φ = 90◦. To effectively predict and
monitor the polarization conversion of the surface-integrated
TE710-mode cavity antenna, an analysis method using a unit
cavity extracted from its original cavity antenna is presented. A
subsequent surface-integrated system with the specified 45◦-LP
was then simulated, fabricated, and measured. The measured
results validate that a 45◦-LP state is achieved with an operating
bandwidth from 33.3 to 36.5 GHz. Further investigation is
conducted to flexibly choose the LP direction from φ = 15◦ to
165◦. Two more examples with the fabricated antenna prototypes
successfully radiate the specified φ = 15◦ and 75◦ LP beam,
respectively. This near-field polarization conversion surface can
be generalized to cavities with different resonant modes.

Index Terms—Cavity antenna, millimeter-wave (mm-wave),
near-field, polarization conversion.

I. INTRODUCTION

5G and beyond wireless communications are supposed to
deliver large bandwidths and high data rates ranging from

hundreds of Mbps to several Gbps. Millimeter-wave (mm-
wave) antennas, which operate at high frequencies from 30 to
300 GHz, have been considered as one key enabled technology
[1]–[8]. On the other hand, several hardware challenges are
posed to apply those mm-wave antennas in communications
systems, such as being low-profile and easy-integration. Slot-
based cavity antennas are promising candidates due to their
low loss, low profile, and simple structure [9]–[11].

A variety of advanced designs have been reported to im-
prove functionalities of the mm-wave slot-based cavity anten-
nas, including wide operating bandwidth [12]–[15], high gain
[16], [17], and multiple beams [18]. One may find that all of
the above linear-polarization (LP) slot-based cavity antennas
have their polarization directions being determined and limited
by the slots etched on the cavity’s top surface. Assuming the
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slot-based cavity antenna serves as a receiving antenna for
an incoming LP wave in point-to-point communications, a
critical feature of the receiving antenna is to match/align its LP
with that of the incoming wave. Two main issues will arise if
the polarization mismatch occurs. The first would be the gain
loss (in dB), which is known to be |20 log(cosφd)| with φd
being the LP angle difference between the incoming and the
receiving waves. For example, the gain loss will be around
3.0 dB when φd = 45◦. The second is the cross-polarization
(x-pol) deterioration, and the theoretical x-pol level (in dB)
is −|20 log(cotφd)| if both the receiving antenna and the
incoming wave are ideally linearly-polarized. When φd = 45◦,
the x-pol level will be deteriorated seriously, i.e., the x-pol
component is the same as the co-polarization (co-pol) one.
It thus requires a flexible control on the LP direction of the
slot-based cavity antennas to minimize potential polarization
mismatch.

One straightforward method is to etch inclined slots on the
cavity and vary the LP state by changing the slot inclination
angle. However, the accumulated impedance of these in-
series inclined slots limits the number of the radiating slots
[19]. Special techniques, such as the alternating inductive and
capacitive loading [20], substrate-integrated coaxial line [21]
or the dielectric resonator antenna [22], must be employed
for an impedance-matched, high-gain behavior when a large
number of the slot elements are employed. These techniques
in [20]–[22] usually discussed and realized 45◦-inclined LP
for the slot-based cavity antennas. One may also opt to utilize
polarizers to control an antenna’s far-field polarization [23]–
[32]. A polarization rotator with multi-layered metal wire
strips was developed in [31] to accomplish a 90◦-polarization
rotation, i.e., converting its x-pol. component into the co-pol
one. It is found that most of those reported polarizers are 90◦-
polarization rotators.

Few papers were reported to discuss and investigate the
realization of a flexibly-chosen LP. An arbitrary LP conversion
was attained in [32] by employing a meander-line-based
polarizer. It utilized eight equal-spaced metallic layers, and a
number of parallel meander-line strips were uniformly printed
on each layer. This eight-layered meander-line structure is
complex. Furthermore, the meander-line polarizer is always
located at far-field from the source antenna, while a low-profile
flexibly-chosen LP antenna system is preferred in wireless
communications. An interesting low-profile slot-based cavity
antenna was presented in [33] to generate an arbitrarily
inclined LP. This LP flexibility is attained by adjusting the
energy distribution on the four slots etched on a TE220-mode
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cavity. One finds that this flexible-LP unit (TE220-mode cavity)
occupies a large size of 0.9λ0 × 0.9λ0, and its impedance
bandwidth is narrow, less than 1.0%. It remains a challenge
to have a low-profile, wideband, compact slot-based cavity
antenna with a flexibly-chosen LP inclination angle.

Notably, one can properly rotate the slot-based cavity
antenna to achieve the specified LP inclination angle. The-
oretically, the method is simple and does not cause any
performance degradation. Nevertheless, the antenna itself must
be positioned in a rotated configuration. This may cause issues
in practical applications. First, the rotation will change pattern
beamwidth in a specific elevational cutting plane, assuming the
antenna main beam is directed towards +z-axis. Consequently,
the 45◦ rotated antennas will always have equal beamwidths in
the φ = 0◦ and 90◦ planes, and they can’t be deployed for the
automotive antenna systems that desire different beamwidths
[34]. Furthermore, it will occupy a larger space for the array
that employs physically rotated antenna as the element. Take
the generation of ±45◦ LP patterns as an example, one may
find it difficult to arrange two physically-rotated antennas
compactly [35]. Finally, the rotation will usually cause large
variations for the main beam shape and sidelobe levels in
the practical environment. As a consequence, the system
performance may not be stable.

In this paper, an mm-wave TE710-mode slot-based cavity
antenna integrated with a closely-spaced single-layer patch
surface is developed to radiate a broadside beam with a
flexibly-chosen LP inclination angle. The patch surface is
composed of a number of appropriately-rotated C-shaped
patches, each being located on top of each slot etched on the
cavity surface. The C-shaped patch acts as the polarization
conversion surface for each slot radiation, whose polarization
is originally directed along φ = 90◦. A systematic analysis as
well as design guideline is illustrated and provided. Three sub-
sequent surface-integrated antenna prototypes were fabricated
and measured that successfully radiate the specified φ = 15◦,
45◦, and 75◦-LP beams, respectively.

This work focuses on providing a generalized polarization-
conversion technique for the slot-based cavity antennas. This
technique can convert the LP direction of the slot’s radiation to
a specified inclination angle. There are three main innovations
involved in this work. First, to address the limited polariza-
tion direction radiated from the slot-based cavity antennas, a
single-layer substrate-suspended patch surface is introduced to
flexibly choose its far-field polarization angle. The substrate is
directly attached onto the slot-based cavity, which facilitates a
low-profile, compact integrated system. This surface-integrated
system of the exampled TE710-mode slot-based cavity antenna
achieves a flexibly-chosen LP direction from φ = 15◦ to 165◦.
Second, the identical C-shaped patch is utilized for each slot’s
polarization conversion without the use of the inclined slot
or non-identical element loading. The polarization-conversion
analysis of the TE710-mode slot-based cavity antenna can then
be simplified to use an extracted unit cavity, i.e., a TE110-
mode single-slot cavity. Consequently, one can predict and
optimize the LP performance of the original cavity antenna
by investigating this unit cavity antenna. Finally, the developed
C-shaped polarization conversion surface along with the unit
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Fig. 1. TE710-mode cavity antenna integrated with C-shaped patch surface.
(a) Side view. (b) Top view (For visual purposes, the substrates are not
presented and the center C-shaped patch is separately shown).

cavity analysis method can be easily generalized to cavities
with different resonant modes. In comparison to properly
rotating the antenna for a specified LP state, the developed
method utilizes an additional substrate-suspended polarization-
conversion surface. It avoids physical rotations for the antenna,
which substantially benefits practical applications. The cost is
that the additional surface increases antenna complexity and
may cause performance degradation.

II. TE710-MODE CAVITY ANTENNA WITH C-SHAPED
PATCH SURFACE

A C-shaped patch surface is integrated and attached onto a
base TE710-mode cavity antenna to convert its far-field LP di-
rection. Usually, the polarization conversion surface/polarizer
is positioned at far-field from the source antenna, and reflec-
tion/transmission coefficients are monitored to investigate its
polarization conversion. In contrast, our polarization conver-
sion surface is closely-spaced to the base TE710-mode cavity
antenna for a low-profile system. This TE710 resonant mode is
produced with a coaxial feed in a substrate-integrated cavity.
Note that the TE710-mode cavity is only exampled to validate
our developed LP conversion surface, which can be easily
generalized and applied in cavities with different resonant
modes.

A. Antenna Configuration

Figs. 1 (a) and (b), respectively, show the side and top views
of the TE710-mode slot-based cavity antenna integrated with a
patch surface. It consists of two substrates sandwiched by three
metallic layers, i.e., the ground plane, the slot layer, and the
C-shaped patch surface. Both the lower and upper substrates
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are chosen as Rogers 5880 with dielectric constant εr = 2.2
and loss tangent tan δ = 0.0009. The heights of the lower
and upper substrates are 1.575 and 0.787 mm, respectively.
A TE710-mode slot-based substrate-integrated cavity antenna
is employed as the base configuration. The resonant cavity
is formed by the slot layer, the ground plane, and a large
number of closely-spaced vias with a diameter of D = 0.3 mm.
These vias short the slot layer and the ground plane, and act
as PEC walls for the cavity. The length and width of the via
wall are Lt = 32 mm and Wt = 4.2 mm, respectively. A
coaxial feed is centrally located to excite the TE710 cavity
mode. The inner probe of the coaxial feed is fully inserted
into the lower substrate and its outer conductor is connected
to the bottom ground plane. Fig. 2 shows the E-fields excited
in the base resonant cavity at 35 GHz. One observes a resonant
TE710 mode is produced, i.e., there are seven half-wavelength
subsections along x-axis, and one half-wavelength subsection
along y-axis.

E-field
 (kV/m) 8 7 6 5 4 3 2 1 0

x
y

z

Fig. 2. Top view of the E-fields excited by the co-axial feed in the base
cavity without the etched slots.

On the slot layer, seven slots are etched with a uniform
distance of ds along x-axis, each slot being located on one
half-wavelength subsection of the TE710-mode wave. Two
adjacent slots have opposite offsets along y-axis. This opposite
offset is used to compensate for the out-of-phase E-fields
between these two adjacent subsections. The offset distance
is denoted by ym. The C-shaped patch surface consists of
seven identical rotated C-shaped patches, each being centrally
located on top of one corresponding slot. Note that the C-
shaped patch located above the center slot is separately shown
for visual purposes. As observed from Fig. 1 (b), this C-shaped
patch is attained by cutting a rectangular slot from the center
of a circular patch and, then, rotated by an angle of ϕc in
the xy plane, where ϕc is defined as an azimuthal angle with
respect to the +x-axis. The patch’s radius is Rc and the cutting
slot’s width is WR. The rotated C-shaped patch facilitates the
polarization conversion for each slot’s radiation. Notice that a
circular matching cut with a radius of Rm is centrally etched
on the slot layer when the TEP10-mode cavity (P is an integer
and P ≥ 2) has an odd value of P . If P is an even number,
the matching cut is positioned on the x-axis with an offset
of ds/2 to the center of the slot layer. The matching cut is
used for impedance matching between the coaxial feed and
the slot-based cavity antenna [12].

B. Polarization Conversion Analysis Using Unit Cavity An-
tenna

A single rotated C-shaped patch is located above one cor-
responding slot on the TE710-mode cavity antenna for its po-
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Fig. 3. Overall view of the unit cavity antenna. The substrates are set as
transparent for visual purposes.

larization conversion. All the C-shaped patches as well as the
slots are identical. In this way, the surface-integrated TE710-
mode slot-based cavity antenna can be regarded as a seven-
element linear array of the unit cavity antenna, i.e., a TE110-
mode single-slot cavity integrated with a C-shaped patch. The
analysis of the TE710-mode slot-based cavity antenna is then
simplified to that of the unit cavity antenna. Fig. 3 shows
the configuration of the unit cavity antenna. A coaxial feed
is centrally located; its inner probe is inserted into the lower
substrate, and its outer conductor is connected to the ground
plane. It should be pointed out that the unit cavity antenna is
not assigned with periodic boundary conditions (PBCs) due
to the staggered layout of the slots and C-shaped patches
in the original surface-integrated TE710-mode cavity antenna.
The PBC would cause erroneous mutual coupling effects in
the unit analysis. In contrast, four vertical perfect electric
conductor (PEC) walls are assigned on the lower substrate to
form the resonant TE110-mode wave. It is equivalent to a half-
wavelength subsection of the TE710-mode cavity, as shown
in Fig. 2. The PEC boundaries are used to approximately
represent the close-to-zero E-fields at the edges of each half-
wavelength subsection. The top view of the unit cavity antenna
is shown in Fig. 4. The width We and length Le of the unit
cavity should satisfy: We = Wt, and Le = ds. A single
rectangular slot with a width Ws and a length Ls is etched
on its slot layer. The C-shaped patch is located on top of the
rectangular slot, and it is separately shown for visual purposes.

It is known that the radiated co-pol tangential E-fields of
the rectangular slot are directed along the y-axis, being labeled
as ~E0. To ease the analysis on the polarization conversion, ~E0

is decomposed into two orthogonal components ~EH and ~ET ,
which are directed along the x′- and y′-axis, respectively. The
x′y′ coordinate is built with a rotation angle of ϕc to the global
xy coordinate. One can easily obtain:

~EH = | ~E0| sinϕc êx′

~ET = | ~E0| cosϕc êy′
(1)

where êx′ and êy′ are respectively the unit vector along +x′-
and +y′-axis.

The rotated C-shaped patch can then be regarded as being
excited by the two orthogonal components ~EH and ~ET . As
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Fig. 4. Top view of unit cavity antenna. The C-shaped patch is separately
shown for visual purposes.

shown in the right of Fig. 4, when ~EH is considered, a pair of
two main tangential E-fields ~Ew and ~Ee are produced along
the x′-axis due to the edge coupling between the rotated C-
shaped patch and the slot layer. Similarly, a pair of edge
coupled fields ~En and ~Es are produced when ~ET is the source
excitation. Meanwhile, another field component ~Ec is obtained
between the edges of the cutting slot. One finds that the pair of
edge coupled fields { ~Ew, ~Ee} or { ~En, ~Es} are always directed
along the same direction at a snapshot. To achieve a composite
co-pol E-fields along φ = ϕc, the field component ~Ec should
be directed opposite to that of the ~En or ~Es. Moreover, these
E-fields components should satisfy:

∫∫
Sc

~Ec × d~s+

∫∫
Sn

~En × d~s+

∫∫
Ss

~Es × d~s = 0 (2)

∫∫
Se

~Ee × d~s+

∫∫
Sw

~Ew × d~s 6= 0 (3)

where Stt is the distribution aperture of the corresponding field
Ett, and tt ∈ {c, n, s, e, w}. The vector element of area d~s
is normal to the surface and directed outward. It is inferred
from (2) that far-field radiation contribution of ~Ec over its
aperture Sc at the broadside direction cancels out with the
sum of the contributions of ~En over Sn and ~Es over Ss for
a low x-pol level. Accordingly, those associated parameters,
i.e., the C-shaped patch radius Rc and the cutting slot width
WR are critical for optimizing the x-pol level. Furthermore,
(3) informs us that the sum of the field ~Ee over Se and
~Ew over Sw contributes to the co-pol components in the far-
field radiations, and hence the sum value must not be zero
for effective radiations, i.e., ϕc should not be 0◦ or 180◦.
Moreover, the co-pol direction is the same with that of ~Ee

or ~Ew, which is determined by the source excitation ~EH . As
noticed from (1), the direction of ~EH has an angle of ϕc

with respect to the x-axis, indicating that the far-field co-pol
direction will be along φ = ϕc at the broadside.

To verify the above analysis, an example is conducted by
full-wave simulation of the single-slot cavity antenna inte-
grated with a rotated C-shaped patch. The parameter values (in
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Fig. 5. Top view of the tangential E-fields just above the patch at four time
snapshots separated by a quarter period at 34.5 GHz. (a) t = 0. (b) t = T /4.
(c) t = T /2. (d) t = 3T /4.

TABLE I
VALUES FOR THE PATCH-INTEGRATED SINGLE-SLOT CAVITY ANTENNA

Parameter We Le Rc WR Ls Ws ym

Values (mm) 4.2 4.35 1.325 0.35 2.8 1 0.5

millimeters) are given in Table I. The C-shaped patch rotation
angle ϕc is selected as 45◦. It means that the desired co-pol
direction would be along φ = 45◦ at the broadside. Fig. 5
shows the top view of the tangential E-fields just above the
patch at four time snapshots separated by a quarter period
at 34.5 GHz. At t = 0, one observes that there are two
main excited tangential E-fields distributed around the top-
right and bottom-left edges of the C-shaped patch. All of these
tangential E-fields are symmetrically distributed along x′-axis.
It is clear that the composite E-fields will be directed along
+x′-axis, being ~Ew and ~Es as marked in Fig. 5 (a). At t = T /4,
strong E-fields are induced between the edges of the cutting
slot, being labeled as ~Ec in Fig. 5 (b). On the other hand,
~Es produced on the lower edge of the patch has an opposite
direction to ~Ec. The ~Ene induced on the upper edge can be
decomposed into ~En and ~Ee. One observes that the amplitude
of ~Ec is much stronger than that of the ~En or ~Es. This agrees
with (2) as the aperture Sc is smaller than either Sn or Ss,
and the radiation contribution of ~Ec over its aperture Sc at
the broadside direction should compensate for the sum of the
contributions of ~En over Sn and ~Es over Ss. The composite
radiating fields contributed from the ~Ew and ~Ew′ are directed
towards +x′-axis. It indicates that the composite far fields are
always directed along +x′-axis at the broadside in the first
half period. Figs. 5 (c) and (d) show the tangential E-fields
at two time snapshots in the other half period. The composite
fields are always directed along −x′-axis at the broadside in
the other half period. Clearly, an LP state along φ = ϕc (45◦)
is achieved.
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Fig. 6. Simulated broadside gains as a function of the source frequency. (a)
Co-pol gain. (b) X-pol level.

As known from the definition of antenna’s polarization [36],
[37], one can determine the LP direction based on the obtained
co-pol gain and x-pol level in a specified cutting plane for
the single-slot patch-integrated cavity antenna. Assume the LP
direction is along φ = ϕco, the co-pol and x-pol gains are
respectively the θ- and φ-components of the total gain in the
φ = ϕco plane (E-plane). X-pol level is the difference between
the x-pol and co-pol gains. Figs. 6 (a) and (b) respectively
show the co-pol gains and x-pol levels as functions of the
source frequency in the E-planes when the assumed co-pol is
directed along φ = [35◦, 45◦, 55◦]. One observes that in the
frequency band from 33 to 38 GHz, the gain is highest and
the x-pol level is the lowest for the φ = 45◦-pol. It validates
a successful polarization conversion from the φ = 90◦-pol of
the base slot radiation to the desired φ = 45◦-pol. It should be
pointed out that the LP performance of the antenna can also
be verified by exploiting the antenna axial ratios (ARs).

C. Parameter Study

It is previously acknowledged that the C-shaped rotation
angle (ϕc) determines the patch-integrated cavity antenna’s
far-field LP angle. If a flexibly-chosen LP inclination angle
is desired, one should choose the corresponding value of ϕc.
At this φ = ϕc polarization state, two important parameters,
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Fig. 8. X-pol levels of the 45◦-pol patch-integrated unit cavity antenna when
the width of the cutting slot WR is varied.

i.e., the patch radius Rc and the cutting slot width WR, are
studied for the desired low-x-pol performance at a specific
operating band.

The above 45◦-pol patch-integrated unit cavity antenna is
simulated when the C-shaped patch radius Rc is varied among
1.225, 1.325, and 1.425 mm. The x-pol levels as a function
of the source frequency are shown in Fig. 7. At a specified
frequency such as 33.5 GHz, the x-pol level is the lowest at
around −41.7 dB when Rc = 1.425 mm. This x-pol level is
respectively increased to −10.1 and −21.7 dB when Rc is
1.225 and 1.325 mm. Thus, one can alter Rc to optimize the
x-pol level at the specified operating frequency. Furthermore,
if one considers the x-pol level as a function of the source
frequency, when Rc = 1.425 mm, it is observed that the x-
pol level is lower than −15 dB for the frequency higher than
34.6 GHz. When Rc is reduced to 1.325 mm, the −15-dB x-
pol bandwidth ranges from 32.2 to 38.5 GHz. With a further
decrease of Rc to be 1.225 mm, the x-pol level is lower than
−15 dB for the frequency lower than 36.6 GHz. It is obvious
that the LP conversion frequency bandwidth is shifting towards
the lower band with an increase of Rc. Fig. 8 shows the x-pol
levels of the 45◦-pol patch-integrated unit cavity antenna when
WR is varied. The LP conversion frequency bandwidth shifts
towards the lower band when WR is increased from 0.15 to
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Fig. 9. Simulated co-pol gain and x-pol level for the TE110-mode cavity
antenna integrated with a C-shaped patch when ϕc is varied at 34.5 GHz.

0.35 mm. With a further increase to 0.55 mm, the band shift
becomes small. It is concluded that one may also vary WR to
control the LP conversion bandwidth.

With the well-optimized low-x-pol levels, one then needs
to consider the gain behaviors when the LP angle is varied.
Again, the TE110-mode single-slot unit cavity antenna is
utilized for the analysis. Fig. 9 shows the obtained co-pol
gain and x-pol level at the broadside when ϕc is varied
from 5◦ to 175◦ at 34.5 GHz. The x-pol levels are low,
below –20 dB, for all ϕc values. When ϕc is 5◦, the gain
is only −1.3 dBi. The gain is greatly improved to 5.6 dBi
when ϕc increases to 35◦. Then, the gain has only 0.3-dBi
variation when ϕc is further increased to 85◦. One finds that
the gain curve is symmetrical with 90◦. This is because for any
two supplementary values of ϕc, their corresponding antenna
configurations are symmetrical with y-axis. It is predicted
that to achieve an accepted gain performance for the TE710-
mode antenna, the antenna’s LP angle should be varied among
φ = 15◦ to 165◦.

D. Antenna Impedance Analysis

Concerning impedance characteristics, the unit behaviors
are quite different from that of the final TE710-mode cavity
antenna. This is because the ideal PEC boundaries used in the
unit analysis change its original impedance condition that has
mutual couplings from the other half-wavelength subsections
in the TE710-mode cavity. Therefore, the impedance analysis
is conducted for the surface-integrated TE710-mode cavity
antenna rather than the unit cavity antenna.

Based on the previous polarization analysis for the unit
cavity antenna, one can form a surface-integrated TE710-mode
cavity antenna using the determined values of the parameters
ϕc, Rc, and WR for a desired LP state. The parameters,
including the slot offset ym, the slot length Ls, the slot width
Ws, and the matching cut Rm, are optimized for impedance
matching. For example, a parameter study was conduced on
the slot offset ym as shown in Fig. 10. When ym = 0.75 mm, a
large variation of the resistance and reactance as a function of
the frequency is observed, and hence the impedance bandwidth
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Fig. 10. Input impedance of the 45◦-pol surface-integrated TE710-mode
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is narrow. When ym is increased to be 1 mm, at the desired
frequency band from 33 to 36.5 GHz, both curves of the
resistance and reactance become much flatter. Moreover, their
values are close to 50 Ω and 0 Ω, respectively. Hence, good
impedance matching is achieved in this band. The input
impedance has relatively small changes with a further increase
of ym = 1.25 mm,. The final design selects ym as 1 mm
considering the overall impedance matching, x-pol levels, and
realized gains. The optimized values (in millimeters) for other
parameters are: Ls = 4.3, Ws = 0.8, and Rm = 0.9. In this
impedance-optimization process, the x-pol level of the surface-
integrated TE710-mode cavity antenna is sacrificed. One could
facilitate fine-tuning for the parameters Rc and WR to improve
x-pol levels, while the antenna impedance would be slightly
changed. Additional parameter adjustments are then required
to balance the x-pol and impedance matching.

Furthermore, the rotation angle ϕc has a large effect on
the antenna impedance. It can be inferred that the near-field
coupling between the C-shaped patch and the slotted cavity
will have noticeable changes with the variation of ϕc. One can
vary ϕc to achieve a different LP state, while other parameters
should be re-optimized to make the impedance matched.

III. PERFORMANCE AND DISCUSSION

A. Simulated and Measured Results

With the optimized parameter values, the surface-integrated
TE710-mode cavity antenna in Fig. 1 is simulated by HFSS.
Fig. 11 shows the obtained x-pol levels when the assumed
co-pol is directed long φ = {35◦, 45◦, 55◦}. It is clear that
the lowest x-pol value is obtained for φ = 45◦ pol for the
frequency from 32.5 to 37 GHz, i.e., a co-pol along φ = 45◦

is obtained. This verifies the effectiveness of the polarization
analysis using the unit cavity antenna. In comparison to the
x-pol level of the unit cavity antenna shown in Fig. 6(b),
the x-pol of the 45◦-pol TE710-mode cavity antenna is a
bit worse. This is caused by the mutual coupling effect
and the sacrifice in parameter optimizations required for the
impedance matching.
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Fig. 11. Simulated x-pol levels for the surface-integrated TE710-mode cavity
antenna.

C-shaped patch Upper substrateLower substrate Slot layer

Screw
SMA feed

Fig. 12. The fabricated prototype of the 45◦-pol surface-integrated TE710-
mode cavity antenna before and after assembly.

Fig. 12 shows the fabricated prototype of the 45◦-pol
surface-integrated TE710-mode cavity antenna before and after
assembly. Note that the probe length of the SMA feed should
be equal to the height (1.575 mm) of the lower substrate to
maintain a good impedance matching. Using a high-end SMA
or metalizing the hole that accommodates the probe can meet
this requirement. The latter method is easier and cheaper in
practice and is adopted in this work. To facilitate the antenna
assembly, the substrate dimensions are increased to include
a number of Teflon screws. The antenna is then re-simulated
based on the dimensions in the final prototype. Fig. 13 shows
its simulated and measured |S11|. The simulated −10-dB
impedance bandwidth ranges from 33.15 to 36.50 GHz, a 9.6%
fractional bandwidth. The measured bandwidth is from 32.95
to 36.50 GHz, agreeing well with the simulated one. Besides
the first resonance at around 34.1 GHz, one may observe a sec-
ond strong resonance at around 35.65 GHz for the measured
|S11|. As noted from the input impedance shown in Fig. 10, the
45◦-pol surface-integrated TE710-mode cavity antenna has two
possible strong resonances (zero-reactance points) at around
34.2 and 35.4 GHz, respectively. The simulation did not
capture the second resonance due to its resistance value larger
than 50 Ω at 35.4 GHz. Nevertheless, this second resonance is
observed in the measured |S11|. Further investigations indicate
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Fig. 13. Simulated and measured S-parameters for the 45◦-pol surface-
integrated TE710-mode cavity antenna.

Feed horn

AUT

12.5 mm

40 mm

C-shaped patch Screw

Fig. 14. The fabricated 45◦-pol surface-integrated TE710-mode cavity an-
tenna measured with the far-field range system.

that it is probably because the fabrication tolerances lower the
resistance value at the resonance frequency.

As illustrated in Fig. 14, the antenna’s radiation patterns
were measured with the far-field antenna measurement system
located at the City University of Hong Kong (CityU). One
may observe that the Teflon screws are relatively large with
respect to the antenna size. All of the simulated radiation
patterns and gains that will be provided later have included
the effect of these screws. Further simulations indicate these
screws have negligible effects on the co-pol patterns and
realized gains of the antenna. They have only a small effect
on the broadside x-pol level. Fig. 15 shows the simulated and
measured radiation patterns at 34.5 GHz. Good agreement is
also observed between them. The measured patterns have a
slight shift in the main beam compared with the simulated
ones in both E- and H-planes. This may be introduced by the
inaccuracy that existed in measurement alignments. The mea-
sured 3-dB beamwidth is 21.0◦ and 18.0◦ in E- and H-plane,
respectively. The measured sidelobe level is around −10 dB,
and the x-pol level is around −20.0 dB at the broadside. As
for those being interested in the radiation characteristics for
communications systems, the radiation patterns in the φ = 0◦

and 90◦ planes were measured and compared. Fig. 16 (a)
and (b) show the radiation patterns in the φ = 0◦ and 90◦

planes at 34.5 GHz, respectively. The measured pattern agrees
with the simulated one in the φ = 0◦ plane. In the φ = 90◦

plane, the measurement also has a good agreement with the
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Fig. 15. Simulated and measured radiation patterns for the 45◦-pol surface-
integrated TE710-mode cavity antenna at 34.5 GHz. (a) E plane (φ = 45◦
plane). (b) H plane (φ = 135◦ plane).

simulation in the ±50◦ angular range. An obvious drop occurs
at around θ = ±75◦. Given the wide main beam angle in
φ = 90◦ plane and the angle θ = ±75◦ being far away from
the broadside direction, the drop is probably caused by the
mounting platform and fixture used to fix the antenna.

Fig. 17 shows the simulated and measured realized gains as
a function of the source frequency. The measured peak value
is 14.1 dBi at 35 GHz, which is around 0.5 dB higher than the
simulated peak value of 13.6 dBi at 34.5 GHz. This may be
because the measured beamwidth becomes slightly narrower
given those inaccuracies existed in the measurements. The
measured 3-dB gain bandwidth ranges from 33.3 to 36.7 GHz.
Considering the impedance and gain bandwidth, the overall
operating bandwidth ranges from 33.3 to 36.5 GHz, a 9.2%
fractional bandwidth. The measured x-pol level is lower than
−12.9 dB across this band. It is worthy of mentioning that the
antenna has a negligible beam squint in the operating band due
to the inherent property of a resonant cavity. The simulated
sidelobe level as a function of the source frequency is shown
in Fig. 18. The lowest sidelobe level occurs at 35.25 GHz with
a value of –13.7 dB, which is close to the theoretical sidelobe
level (–13.5 dB) of a uniform linear array. The sidelobe levels
are a bit higher at frequencies lower than 34 GHz within
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Fig. 16. Simulated and measured radiation patterns for the 45◦-pol surface-
integrated TE710-mode cavity antenna at 34.5 GHz. (a) φ = 0◦ plane. (b) φ
= 90◦ plane.
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Fig. 17. Simulated and measured co-pol and x-pol realized gains for the
45◦-pol surface-integrated TE710-mode cavity antenna.

the operating bandwidth. The increased sidelobe levels are
caused by mode impurities at those frequencies being far
away from the center one in the base cavity. Fig. 18 also
shows the simulated total efficiency as a function of the source
frequency. In the operating bandwidth, the efficiency varies
between 87.7% and 98.9%. Further investigations show that
ohmic losses on the C-shaped patches are negligible with
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TABLE II
DETAILED COMPARISON AMONG THE SINGLE-FEED POLARIZATION-CONVERSION SLOT-BASED CAVITY ANTENNAS

Antennas Pol. Technique Element
IBW 3-dB GBW OFBW -15-dB XBW PRG PTE Antenna size Cavity size

IE Complexity
number (GHz) (GHz) (%) (GHz) (dBi) (%) (λ0 × λ0) (λ0 × λ0)

[20] 45◦ ACIL 16×1 34.07−35.1 34.07−35.1 2.7 N.A. 15.64 71.1 6.99×1.96 6.66×0.40 No Low

[21] 45◦ SICL 6×5 33.95−34.86 33.95−34.86 2.6 N.A. 17.09 N.A. 5.07×3.82 3.79×3.82 No High

[22] 45◦ DRA 8×1 34.0−36.2 34.3−36 4.8 N.A. 13.55 85.0* 8.42×6.35 6.47×0.56 Yes Medium

This work

45◦ CSP 7×1 32.95−36.5 33.3−36.7 9.2 32.7−35.9 14.1 98.9* 4.65×1.6 3.74×0.49 Yes Low

45◦ CSP 7×5 33.2−34.9* 33.1−34.4* 3.6* 32.5−35.8* 19.5* 97.9* 4.65×3.34 3.74×2.45 Yes Low

15◦ CSP 7×1 32.85−36.1 33.0−36.7 9.0 33.6−35.6* 14.6 97.3* 4.65×1.6 3.74×0.49 Yes Low

75◦ CSP 7×1 32.7−36.1 32.8−36.7 9.6 32−37 13.7 96.4* 4.65×1.6 3.74×0.49 Yes Low

ACIL: Alternative conductive and inductive loading; SICL: Substrate integrated coaxial line; DRA: Dielectric resonant antenna;

CSP: C-shaped patch; IBW: Impedance bandwidth; GBW: Gain bandwidth; OFBW: Overlapped fractional bandwidth;

XBW: X-pol bandwidth; PRG: Peak realized gain; PTE: Peak total efficiency; IE: Identical element; N.A.: Not available;

* indicates the data obtained through simulation.

33 34 35 36 37
-15

-10

-5

0

5

10

15

S
id

el
ob

e 
le

ve
l (

dB
)

Freq (GHz)

0

0.25

0.5

0.75

1

T
ot

al
 e

ffi
ci

en
cy

Fig. 18. Simulated sidelobe level and total efficiency for the 45◦-pol surface-
integrated TE710-mode cavity antenna.

respect to antenna gain.

B. Discussion

Table II gives a detailed comparison between those reported
45◦-LP slot-based cavity antennas and our developed antennas.
All of the antennas are operating at mm-wave band, have
a single feed without utilizing a complex power distribution
network. To achieve an impedance-matched, high-gain 45◦-
LP slot-based cavity antennas, several techniques have been
presented, including the alternative capacitive and inductive
loaded slots (ACIL) [20], the substrate integrated coaxial line
(SICL) [21], the dielectric resonant antenna (DRA) loading
[22], and the C-shaped patch (CSP) loading developed in this
work. As observed from the comparison table, all of these
previously reported antennas did not provide an x-pol band-
width. A –15-dB x-pol bandwidth for our developed antennas
is chosen as a reference for future readers. This x-pol limit
is sufficient for targeted applications in mm-wave imaging
systems [38], [39]. One could choose the desired x-pol limit
depending on the requirements. If a more ambitious x-pol
level is targeted, the antenna bandwidth could be reduced.

x

y

z

tW

P

Via wall Matching cut, 

Rectangular slotC-shaped patch

mR

sL

my

Fig. 19. Top view of the 45◦-pol surface-integrated TE750-mode cavity
antenna. The substrates are not shown for visual purposes.

The overlapped fractional bandwidth (OFBW) overlaps the
impedance-matching bandwidth and the 3-dB gain bandwidth
only, i.e., the x-pol bandwidth is not included. One finds
that the 45◦-pol surface-integrated slot-based cavity antenna
developed in this work outperforms those reported antennas
considering the overall performance characteristics, including
the OFBW, the gain values, and the design and fabrication
complexity.

To examine the developed polarization-conversion technique
in a full-corporate array, we have considered a 45◦-pol surface-
integrated TE750-mode cavity antenna, i.e., the element num-
ber is 7×5. Its top view is shown in Fig. 19. The offset ym
is facilitated for two adjacent slots in the same column/row
to compensate for the out-of-phase E-fields produced by the
two corresponding half-wavelength subsections in the cavity.
The antenna parameter values (in millimeters) are optimized
as: Wt = 21, P = 4.2, Ls = 4, ym = 0.65, Rc = 1.375.
The other parameter values remain the same as in Table I.
Fig. 20 shows the obtained |S11| and realized gains for the
45◦-pol surface-integrated TE750-mode cavity antenna. The
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Fig. 20. Simulated |S11| and realized gains for the 45◦-pol surface-integrated
TE750-mode cavity antenna.

(a) (b)

Fig. 21. The fabricated antenna prototypes. (a) The 15◦-pol surface-integrated
TE710-mode cavity antenna. (b) The 75◦-pol surface-integrated TE710-mode
cavity antenna.

simulated –10-dB impedance bandwidth ranges from 33.2 to
34.9 GHz, and the 3-dB gain bandwidth is from 33.1 to
34.4 GHz. The overlapped bandwidth is thus from 33.2 to
33.4 GHz, i.e., a fractional bandwidth of 3.6%. The x-pol
level is lower than –24 dB within this bandwidth. Compared
with the antenna with a similar full-corporate array reported
in [21], our technique employing the C-shaped patch surface
has improved bandwidth and gain using a more compact and
simple configuration.

IV. FLEXIBLY-CHOSEN LINEAR POLARIZATION

In the following, two more examples of the surface-
integrated TE710-mode cavity antenna are conducted to further
verify their overall polarization conversion performance.

A. Two Examples

The desired polarization angle for the first surface-integrated
TE710-mode cavity antenna is φ = 15◦ with ϕc selected as 15◦.
Several parameter values are updated to achieve a low x-pol
level as well as good impedance matching, and their values
(in millimeters) are optimized as: Ls = 4.15, Ws = 0.525,
ds = 0.4, WR = 0.35, and Rm = 1. The other parameters
keep the same as the previous study in Section II, and the
antenna was simulated using HFSS. An antenna prototype
was fabricated and assembled as shown in Fig. 21 (a). Its
simulated and measured S-parameters are shown in Fig. 22.
The measured |S11| ≤ −10 dB bandwidth ranges from 32.85
to 36.1 GHz. Fig. 23 shows the broadside simulated and
measured co-pol and x-pol realized gains at φ = 15◦. It is
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Fig. 22. Simulated and measured S-parameters for the 15◦-pol surface-
integrated TE710-mode cavity antenna.
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Fig. 23. Simulated and measured co-pol and x-pol realized gains for the
15◦-pol surface-integrated TE710-mode cavity antenna.

obvious that an LP state along φ = 15◦ is achieved. The
measured peak realized gain is 14.6 dBi at 35 GHz, and
the 3-dB gain bandwidth is from 33.0 to 36.7 GHz. The
overlapped impedance and gain bandwidth ranges from 33.0
to 36.1 GHz, a 9.0% fractional bandwidth. The simulated total
efficiency varies between 91.5% and 97.3% within this band.
The simulated -15-dB x-pol bandwidth ranges from 33.6 to
35.6 GHz, and the measured x-pol level is less than –13.5 dB.

The second example is to realize a 75◦-pol radiation, i.e.,
ϕc = 75◦. Those updated parameter values (in millimeters)
are: Ls = 4.3, Ws = 0.6, ds = 1.2, Rc = 1.45, and Rm = 1.2.
Fig. 21 (b) shows a photo of the assembled antenna prototype.
Its simulated and measured S-parameters are shown in Fig. 24.
The measured |S11| ≤ −10 dB bandwidth ranges from 32.7
to 36.1 GHz, a 9.9% fractional bandwidth. Fig. 25 shows the
broadside simulated and measured co-pol and x-pol realized
gains at φ = 75◦. The measured peak gain value is 13.7 dBi
at 35.5 GHz, and the 3-dB gain bandwidth is from 32.8 to
36.7 GHz. The measured x-pol level is lower than −18.0 dB
in the frequency band from 32.8 to 36.1 GHz. The simulated
total efficiency is varied between 85.1% and 96.4% within this
band.

Performance characteristics of the three fabricated TE710-
mode cavity antenna prototypes have been included and
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Fig. 24. Simulated and measured S-parameters for the 75◦-pol surface-
integrated TE710-mode cavity antenna.
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Fig. 25. Simulated and measured co-pol and x-pol realized gains for the
75◦-pol surface-integrated TE710-mode cavity antenna.

compared in Table II. One finds that all these three anten-
nas achieve a similar overlapped impedance and 3-dB gain
bandwidth. Moreover, all of them achieve a very high total
efficiency, i.e., the simulated peak efficiencies are higher than
95%. Their peak realized gains have less than 1 dB difference.
Concerning the x-pol behaviors, the –15-dB x-pol bandwidth
has an obvious enhancement when ϕc is increased from 15◦

to 75◦.

V. CONCLUSION

A closely-spaced C-shaped patch surface was developed to
improve the polarization flexibility of the slot-based cavity
antennas. A TE710-mode slot-based cavity antenna was ini-
tially selected as the basic configuration. It radiates a broadside
beam with the co-polarization direction along φ = 90◦. A
simple yet effective analysis method that uses a single-slot
unit cavity antenna was presented to facilitate the polarization
conversion analysis. Simulations indicate that the linear po-
larization direction of the TE710-mode cavity antenna could
be flexibly chosen from 15◦ to 165◦ with the use of closely-
spaced C-shaped patch surface. They were further validated
by the fabricated three prototypes, which respectively radiate
the specified φ = {15◦, 45◦, 75◦}-linear polarization broad-
side beam. The developed surface-integrated slot-based cavity

antennas have a flexibly-chosen LP angle with a low-profile
and compact configuration, which can be widely applied in
mm-wave wireless communications.
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