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Abstract—1In this study, we propose a high-efficiency, low-
profile transmitarray (TA) antenna system and present an
efficient design procedure by co-designing a multiport subarray
antenna (MPSA) to perform as a feed source and the TA
simultaneously. The proposed TA antenna supports dual slant
polarization (SP). Furthermore, the concept of effective phase
discontinuity (EPD) based on a mutual coupling coefficient
is introduced for efficient TA design operation at short focal
lengths to verify the effectiveness of the advanced unit cell (UC)
arrangement with gain enhancement. A TE/TM superimposing
method was applied to derive the UC response over the entire
area of the aperture of the TA based on the response analysis
of a rotated UC satisfying 90° rotational symmetry to TE/TM
oblique incidence. The designed TA antenna exhibits a low profile
of F/D ratio = 0.33 at a center frequency of 3.5 GHz and a high
aperture efficiency (AE) of 37%. The measured results are also
in good agreement with the simulation results, indicating that
the proposed TA antenna system provides an effective design
methodology for SP array antennas and low-profile high-gain
systems.

Index Terms— Effective phase discontinuity (EPD), frequency-
selective surface (FSS), low-profile high-gain system, slant
polarization (SP), transmitarray (TA).

I. INTRODUCTION

IRELESS communication systems have advanced
Wsigniﬁcantly in recent years due to considerable devel-
opments in antenna technologies. Particularly, transmitarray
(TA) antennas that operate on a principle similar to that of
lenses in optics have been of significant research interest,
because they can manipulate the wavefront to achieve the
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desired behavior. TAs implemented in [1], [2], [3], [4], [5],
(61, [71, (81, [9], [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23], [24], [25], [26], [27], and
[28] have the advantages of being low-profile and lightweight,
resulting in low fabrication cost, high efficiency, high gain, and
enhanced beamforming.

The focal length-to-diameter (F/D) ratio, typically between
0.6 and 1.2 [8], affects the focal length, balancing radiation
performance and aperture efficiency (AE). Many applications
require TA systems with low height (low F/D) and high
efficiency, regardless of the operating frequency. TA system
height is determined by the TA thickness, the distance to the
feeding antenna, and the feeding antenna’s size. To achieve a
low-profile design, two main strategies have been proposed:
adjusting the feeding antenna’s height or altering the spacing
between the feeding antenna and the TA.

Most conventional TAs, such as those in [1], [5], [7],
[10], [11], [13], [20], [23], and [24], use horn antennas
for feeding due to their broadband radiation and high gain.
However, horn antennas are inherently tall and have a high
optimal F/D ratio (0.8-1.2) [5], making them unsuitable for
low-profile applications. Although [5] reduced the profile by
shortening the horn antenna and adding a frequency-selective
surface (FSS), the system height remained substantial. In [7]
and [12], a dipole with an FSS was used as the feeding
antenna to lower the height, but this led to reduced system gain
and efficiency. Moreover, the design process for an efficient
low-profile feeding antenna was also not fully demonstrated.

Another approach involves reducing the system height by
adjusting the spacing between the feeding antenna and the
TA. This can be done by creating a virtual focal point using
a folded TA (FTA) or by shortening the focal length with
array feeding. The FTA method, as shown in [8], [9], uses a
polarizer to achieve both reflection and transmission, reducing
the focal length by 1/3 to 1/4. However, FTAs support only
single polarization and typically suffer from low AE due
to multiple reflections and transmissions. Xue et al. [14]
addressed the short focal length issue by designing a unit cell
(UC) with high angular stability. Despite this, there are no
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Fig. 1. Three-dimensional configuration of the proposed low-profile TA
antenna system fed by MPSAs.

well-established techniques for achieving such stability beyond
reducing cell size or maintaining the resonant length under
oblique incidence. In addition, the use of horn antennas still
results in significant system height.

In [15], an array feeding scheme was theoretically and
numerically validated to operate at a lower focal length.
Feng et al. [18] reported a TA with a Vivaldi array antenna
for wideband operation at a low height. Aziz et al. [19]
implemented a low-profile quad beam using slot array feed-
ing. However, these designs are complex, requiring multiple
feeding antennas, which increases design and implementation
challenges. Moreover, the exact number of arrays needed was
also not clarified.

Designing a compact, efficient TA system with a low focal
length and reduced feeding antenna height is challenging
and requires a co-design approach. Using an array antenna
as the feeding source assumes ideal phase compensation,
as discussed in [15], but achieving a short focal length
introduces two main issues. First, the incident angle increases
for UCs at the TA’s edges, making it necessary to verify
their performance under varying angles, which impacts overall
efficiency. Second, as the F/D ratio decreases, significant
phase variations occur across the TA aperture, leading to
potential discrepancies in transmission response compared to
infinite periodicity conditions. Reducing phase discontinuity
by shrinking the unit cells is possible, but size reduction is
limited by the wavelength.

This article introduces a new design for both the feeding
antenna and the TA to overcome the limitations of pre-
vious designs. Multiport subarray antennas (MPSAs) with
dual polarization (DP) arrays were employed to reduce both
the focal length and the feeding antenna’s height, as illus-
trated in Fig. 1. In addition, the TA was fed by a patch
antenna with slant polarization (SP), which offers advantages
such as uniform signal intensity and symmetric radiation
patterns compared to vertical or horizontal polarization
[29], [30], [31], [32].

We also explored increasing UC placement flexibility by
rotating the cells, as opposed to the conventional arrangement
method. The TE/TM oblique incidence effects on the rotated
UC were analyzed mathematically, and the UC’s response at
various locations on the TA aperture was synthesized using the
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proposed TE/TM superimposing method. By calculating the
mutual coupling coefficient between UCs based on polariza-
tion and applying the concept of effective phase discontinuity
(EPD), we developed an efficient phase acquisition method for
the TA system. This approach was used to analyze the oblique
incidence and design the TA to minimize EPD. The height of
the entire antenna system, including the feeding antenna and
TA, is only 16.3 cm (1.89)), making it sufficiently compact
for low-profile applications. We also achieved an AE of 37%
and an F/D ratio of 0.33 at 3.5 GHz.

The article is organized as follows: Section II-A describes
the design process for the low-profile TA, while the MPSA
feeding antenna is detailed in Section II-B. Section II-C
presents the conventional UC design for TA, along with geo-
metrical details and simulation results. The analysis of oblique
incidence with TE and TM modes generated on the rotated
UC is discussed in Section III-A. The TE/TM superimposing
method and EPD are introduced in Sections III-B and III-C,
respectively. Finally, simulation and measurement results are
discussed in Section IV, with the conclusion provided in
Section V.

II. APPROACH TO DESIGN A LOW-PROFILE
TA ANTENNA SYSTEM

A. Overall Design Procedure for the Low-Profile TA Antenna

A design methodology for designing a low-profile TA
antenna with a limited focal length for a specific application
is outlined in Fig. 2. The flowchart is divided into three main
parts: feeding antenna design, UC design, and TA design.

1) Feeding antenna design for low-focal length.

2) UC design.

3) TA design with an EPD analysis.

Before designing a low-profile TA system, key consider-
ations include determining the desired operating frequency
band, the total height of the feeding antennas, and the TA’s
focal length for the application. The number of feeding anten-
nas is selected to achieve the optimal F/D ratio as suggested
in [15].

The feeding antennas are designed to maximize the radiation
efficiency at the operating frequency, and the dimensions of
the TA with the maximum efficiency at a specific focal length
are selected by analyzing the spillover efficiency and taper
efficiency. If the desired gain is not met, the number of feeding
antennas is adjusted.

Designing UCs requires ensuring they support the desired
phase range and evaluating the impact of increased incident
angles due to the low-profile design. Dey and Dey [33] and
Venkatesh et al. [34] suggested that stable angular response
can be achieved by reducing UC size and simplifying UC
structure, but practical implementation remains challenging.
This article presents an approach to enhance TA performance
without requiring additional UC design modifications.

TA configuration involves optimizing UC arrangement
based on reference phase changes. An iterative process
is used to verify AE, incorporating a method to adjust
unit arrangement using EPD after applying the proposed
TE/TM superimposing method. This method is detailed in
Section III-C.
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Fig. 3.  Multiport antenna with subarray structure. (a) Three-dimensional
model. (b) Fabricated antenna.
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Fig. 2. Flowchart describing the process of designing an optimal dual-pol
TA antenna that operates at a given profile.

Among the above design processes, this article describes the
feeding antenna design and the TA size determination process
to maximize efficiency, emphasizing additional methods to
enhance TA performance logically.

B. Feeding Antenna Design With Multiport Subarray
Configuration

Most commonly used feeding antennas in TA and FSS
designs include dipole antennas, patch antennas, and horn
antennas, each with inherent limitations. Dipole antennas offer
low gain and lack broadband capability, while patch antennas
are limited by their resonant structure. Horn antennas, despite
their high gain and broad bandwidth, require significant length
to maintain uniform phase and magnitude of the E-field across
the radiating aperture, as discussed in [5]. This requirement
increases the overall profile of the TA system, with an optimal
F/D ratio typically ranging from 0.8 to 1.2.

To overcome these challenges, developing a novel feeding
antenna is crucial. Clemente et al. [15] demonstrated that
a low-profile TA can be achieved by reducing the focal
length while maintaining radiation performance, provided that
phase compensation on the TA aperture is precise. This study
introduces an MPSA as a solution. The MPSA, consisting of
multiple subarrays, simplifies the feed structure and facilitates
the creation of a low-profile, high-efficiency TA antenna.

The TA’s feeding antenna consists of four subarrays with a
gain of approximately 11 dB, following the method in [15].
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Fig. 4. Simulated radiation pattern and the realized gain level of the multiport
antenna. (a) Radiation pattern at 3.5 GHz on the YZ-plane. (b) Gain level.
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Fig. 5. (a) Complex magnitude of the radiating E-field of the MPSA.
(b) Poynting vector plot.

Each subarray contains three patch antennas, utilizing a 3:1
divider to simplify the feeding network. Proper bandwidth
is ensured using liquid crystal polymer (LCP) for indirect
feeding. Fig. 3 shows the 3D model and fabricated MPSA
with dual SP feeds on the N and P ports. The beam pattern
and realized gain of the MPSA, depicted in Fig. 4, demonstrate
a maximum gain of approximately 15-16 dB at 3.5 GHz in the
boresight direction, with a 1-dB gain bandwidth spanning from
3.3 to 3.7 GHz, consistent with the TA’s operating frequency.

Fig. 5(a) shows the E-field magnitude in the YZ-plane of
Fig. 3, indicating that the radiated E-field intensity is highest
at the side patches due to phase discrepancies between patches.
This results in a different magnitude distribution compared to
conventional single-fed antennas, characterized by two minor
lobes. Given these characteristics of the MPSA, selecting the
optimal focal length for both the feeding antenna and the TA
is essential.

To achieve high AE in TA design, initial considerations
should include spillover and taper efficiencies to determine the
optimal focal length and TA dimensions. The spillover and
taper efficiencies, as calculated using a full-wave simulator,
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Fig. 6. Efficiency analysis under (a) TA size variation and (b) variation of
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are expressed as follows [35]:
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where I, A, S, and P, are the field intensity, surface
of the TA, Poynting vector, and radiated power from the
feeding antenna, respectively. Fig. 6 illustrates the results
obtained from the full-wave simulator calculations for taper
and spillover efficiencies, along with the feed efficiency
multiplied by them.

Fig. 6(a) shows the efficiency as the TA size varies
and (b) reveals the efficiency as the focal length variation.
Once the required focal length of the system is determined
(14 and 15 cm in this article), the optimal TA size should be
determined through the previously designed MPSA, and it was
determined to be 441 mm where the efficiency is maximized
considering the UC size. Once the previously determined TA
size is fixed and the efficiency analysis is performed according
to the focal length, the result is shown in Fig. 6(b), and it can
be seen that the highest efficiency is achieved at the predefined
focal length.

It has a corresponding F/D of 0.33, which will eventu-
ally lead to an increase in incident angles and introduce
phase distribution discontinuities on the aperture, as shown
in Fig. 5(b). These discontinuities reduce the reliability of UC
behavior based on the surrounded element approach [36], [37],
disrupting phase compensation accuracy and altering magni-
tude response, ultimately decreasing TA efficiency. Therefore,
to design a low-profile TA with high efficiency, the angular
stability of the UC and the efficiency of UC placement on
the TA aperture, leading to a phase-capturing method, must
be carefully considered and analyzed.

C. UC Design

The aforementioned increase in the incident angle due to
the decrease in F/D requires a UC design with high angu-
lar stability. However, designing such a UC is challenging,
with no well-established theoretical methodology. Therefore,
this study employs common FSSs, focusing on performance
differences based on FSS arrangement.

Fig. 7 presents an exploded view of the UCs. Here, k; rep-
resents the incident wave wavenumber, and ¢; denotes the
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and magnitude and phase response of different UC types when ¢; = 0°.
(c) Bandpass UC. (d) Lowpass UC.

TABLE I
GEOMETRY PARAMETERS OF BANDPASS AND LOWPASS UCs
Parameters (mm) | Pp1/ Pr1 | Gpa/Pra | Pps/Prs | D | Hpi/Hp
BP1 17.3 7.5 17.3 21 1.52
BP2 17.8 7.5 17.8 21 1.52
BP3 18.2 7.5 18.2 21 1.52
BP4 18.7 7.5 18.7 21 1.52
BP5 19 75 19 21 1.52
LP1 19.6 20.6 19.6 21 1.52
LP2 20 20.7 20 21 1.52

angle between the E-field polarization direction and the UC.
When ¢; = 0°, the polarization direction is perpendicular to
the patch edges in the UC. These UCs exhibit spatial bandpass
and lowpass filter responses, as seen in [7]. A bandpass
UC features a middle metal layer acting as a grid to form
two complex poles [38], while a lowpass UC has limited
high-frequency transmission due to the middle metal layer
functioning as a patch. The desired phase range is achieved by
adjusting the UC size. The normal incidence characteristics of
the seven UCs used in the TA design are shown in Fig. 7(c)
and (d), with corresponding UC dimensions in Table 1.

Fig. 8 shows the UC response at oblique incidence for
¢; = 0°. For the TE mode of the bandpass UC, increasing
the incident angle raises the Q-factor, increasing passband
insertion loss [39], as shown in Fig. 8(a). For the TM mode,
a decreased Q-factor broadens the passband. Similar trends
are observed in the lowpass UC response, where increased
incident angles result in distinct insertion loss and phase
compensation values compared to normal incidence. This
implies that phase compensation accuracy diminishes, and loss
increases toward the edge of the low-profile TA.
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Fig. 8. Bandpass and lowpass UC response when ¢; = 0° with different
incident angles. (a) Bandpass TE mode. (b) Bandpass TM mode. (c) Lowpass
TE mode. (d) Lowpass TM mode.

Fig. 9. Three-dimensional configuration with the oblique incidence of the
TE and TM modes.

III. NOVEL UC ARRANGEMENT METHOD FOR
TA EFFICIENCY IMPROVEMENT

Fig. 9 shows the generation of TE/TM modes on the
XY-plane, with the E-field polarized in the y-direction.
The TM mode lies in the YZ-plane, and the TE mode is in the

— —
XZ-plane. The wave vectors of these modes, k; 7y and k; 7,
are perpendicular to both the E- and H-fields. When the UCs
are placed at the aperture of the TA, TE/TM modes form based
on polarization, leading to oblique incidence depending on the
UC’s position. Thus, evaluating the TE/TM mode responses
under varying incident angles is crucial when designing a low-
profile TA.

For the 445° SP feed array antenna in Fig. 3, the
array arrangement direction is misaligned with the polariza-
tion direction. This necessitates analyzing the TE/TM mode
responses in a rotated UC (i.e., ¢; # 0°). Specifically, the
following sequence should be followed:

1) Evaluate TE/TM modes for oblique incidence with

¢; =0° and 6 # 0°.
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2) Evaluate TE/TM modes for oblique incidence with

¢; # 0° and 6 # 0°.

This approach enables effective analysis of TE/TM modes
as the UC rotates relative to the polarization direction,
and when incident waves propagate at an oblique angle.
Section III-A will validate the considerations outlined above.

A. Floquet Response Characteristics of the TE and TM
Modes Oblique Incident on the Rotated UCs

E and H vectors for the TM and TE regions on the TA
aperture depending on the UC arrangement method are shown
in Fig. 10. The wave impedance for a unit-cell arrangement
perpendicular to the x- and y-axes (common method) can be
calculated with Fig. 10(a) and (b). The wave impedance of the
oblique incidence is expressed as [39]

ETm, proj ’ETM‘

NnTm,o = = X cos0 =1, x cos®  (3)
Hrm. proj ‘HTM‘
ETE proj ‘ETE‘

NrEee = = 57+ cos6 = n, + cost 4)
Hrg, proj ‘HTE‘
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where 7, is the wave impedance in free space. By comparing
the magnitudes of the E and H waves projected onto the plane
where the UC is placed as described in [39], the TE and TM
mode responses for a specific region can be predicted.

Fig. 10(c) and (d) illustrates the E- and H-field vectors for
the TM and TE modes when the UC is rotated by ¢ around
the z-axis. These fields, projected onto the XY-plane, are
decomposed along the UC’s directional unit vectors u; and 3.
The wave impedance in the case of rotated UC for the TM
mode is derived with vector decomposition as follows:

ETM,proj,l‘ ‘ETM,projSinqS’
nrm,e,1 = =
HTM,proj,l‘ ‘HTM,projSln¢‘
—
Erm
= —=c0s6 = n,cost (®)]
Hry
ETM,proj,Z‘ ‘ETM,projCOS(ﬁ‘
nNrme2 = =
HTM,proj,2‘ ‘HTM,prujCOS(p‘
—
Ermu
= —=cos0 = n,cosb. (6)
HTM’

In the case of the TE mode, the wave impedance on the rotated
UC is obtained by applying the same method as in the TM
mode analysis

—
Erm

NTENN = NTEN2 = T— ~ cost = n,/cosb. 7
’HTM

Equations (5)—(7) imply that the UC is rotationally arranged
irrespective of the angle ¢, and the wave impedance is the
same as that in the conventional TM and TE responses incident
at an angle of 6.

Fig. 11 compares the bandpass and lowpass UC responses
for varying ¢; and 6;. The results confirm that TE/TM
responses are independent of UC rotation for UCs with 90°
rotational symmetry as previously demonstrated in (3)—(7),
offering additional flexibility in UC arrangement.

B. UC Response Derivation of the TE/TM Modes
Overlapped Region

The TA design for a particular feeding antenna requires
consideration of the phase and magnitude distribution of the
E-field formed on the TA aperture, as well as the analysis
of the TM and TE modes on the TA aperture. The E-field
propagating from the feeding antenna not only forms the TM
and TE modes but also forms a superposition of the TM and
TE modes as shown in Fig. 12. Assuming that the feeding
antenna is a point source, the angle formed between the wave
vector of the incident wave on the UC and the z-axis is defined
as 6. The UC response in the region where the TM and TE
modes overlap can be represented as follows by synthesizing
the TM and TE responses with an incident angle of 6

S¢.0,7TE+TM = A * Sy + B * S 7E. ¥
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Fig. 12. Three-dimensional configuration of the region where TE, TM, and
TE 4+ TM combined modes are synthesized on the arbitrary point of the TA
aperture plane.

A and B in (8) are the weights of the TM and TE responses
of a UC with an incident angle of 6, respectively. They can
be calculated by utilizing the property that the wave vector
of the feeding source and the E- and H-fields formed on a
particular aperture are perpendicular to each other.

From Fig. 12, the E- and H-fields of TM and TE modes at
the TA aperture can be defined by the following equation.

_
Ergps =(—1,0,0)
SN SN )

Hryp =10,1,0), Hrgp = (0,cos0,sind). &)

—
Erme = (—co0s0,0, —sind),

In addition, the wave vector propagating into the region where
the TM and TE modes are superimposed is

—
kigo = (sinfcos, sinbsing, —cos0). (10)
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Moreover, the E- and H-fields formed in the superimposed
region can be expressed as follows:

% .
Ergsrmp0 = (—cos¥g, 0, —sinyg)
% .
Hreirmgo = (0, cosyy, sinyrg).

(1)
As the polarization of the feeding antenna is in the x-axis
direction, the E-field in the superposed area lies in the
XZ-plane, and the H-field lies in the YZ-plane. Furthermore,
the wave vector and electromagnetic field vectors must always
be perpendicular. Thus

kigo  ETE+rMm 6 =0

kigo  HrEsrmpo =0 (12)
can be obtained. Expanding using (11) and (12), we obtain
Y and Yy, which are related to the directional vectors of the
E- and H-fields in the region where the TM and TE modes
are overlapped, as follows:

tanyrg = tanBcosg

tanyry = tanbsing. (13)
In practice, if the TA diameter is 441 mm and the focal length
is 145 mm, as is the situation in the present paper, g and
Yy at the edges of the TA at ¢ = 45° will be 56.7°. This
represents a substantial angle of incidence.

In addition, the E-field vector Etgirm,¢,0 in the region
where TM and TE modigre superimposed can be expressed
as the E-field vector E7)s ¢ in the TM region and the E-field
vector FE; in the TE region as follows:

_
Ap % Eryo+ Be*Erpg = Erpirm 0

—
A+ Hrypo+ By * Hreo = Hresrm,g.0 (14)
so are the H-fields. A and B represent the weights of the
TM and TE regions response, respectively, which can be
summarized as follows using (9), (11), and (13)

sinyrg sin(@ — Y¥g)
Ap = — ) =
sinf sinb
Ay =0V sinvn (15)
sinf sin6

Consequently, the E and H fields in the TM and TE modes
overlapped regions can be synthesized based on the E and
H fields of the TM mode and TE mode using the above
method. Furthermore, as described in Section III-A, regardless
of whether the UC array satisfying 90° rotational symmetry
is rotated or not, the UC response in the region where
the two modes overlap can be synthesized; conversely, this
cannot be obtained by conventional Floquet simulation. The
proposed method makes it possible to extract the response in
the region where the TM and TE modes of a UC incident
at a certain angle (i.e., #) and rotated by a certain angle
(i.e., @) are synthesized. This will be discussed in more detail
in Section III-C.
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TE/T™

TE+TM

(a) (b)

Fig. 13.  Conceptual graphical diagram of the UC arrangement of the
low-profile TA antenna for MPSA feeding antenna. (a) Type 1: Arrangement
of UCs parallel to the direction of polarization. (b) Type 2: Arrangement of
UCs at a 45° tilt to the direction of polarization.

C. Low-Profile Transmitarray Antenna Design Considering
EPD

As demonstrated in Section III-A, the response of the UC is
independent of its rotational arrangement. Based on this, the
TA can be constructed using various UC placement methods,
as shown in Fig. 13. Two configurations are illustrated: Type 1,
where the polarization and UC arrangement directions are
aligned [Fig. 13(a)], and Type 2, where they are rotated by 45°
[Fig. 13(b)]. Both configurations maintain the same aperture
size and reference phase, allowing a direct comparison of
their performance. As will be shown, Type 2 achieves superior
phase compensation and higher gain, as verified through sim-
ulations. To evaluate the UC arrangement efficiency, scattering
matrix coefficients representing mutual coupling between UCs
along the polarization and UC arrangement directions must
be extracted. These coefficients, denoted as S,,,, are defined

by [40]
1 T Ve
Sy = m[ 1 SFL (. ¥y)

x exp[j(d*f* + M)]d%d% (16)

b

where a and b are the element spacings along the x- and
y-directions, respectively; v, and v, are the phase differences
between the adjacent elements along the x- and y-directions,
respectively; d, and d, are the relative coordinates of the mth
element along the x-axis and nth element along the y-axis,
respectively; and S¥* is the s-parameter of an array element
under Floquet simulation.

To extract the mutual coupling coefficients between the
UCs, the S-parameter responses for TM and TE modes gen-
erated by different incident angles under Floquet simulation
conditions are required. Fig. 14 shows the simulation setup
utilizing HFSS to extract the UC responses under Floquet
mode conditions. The Floquet response of the UC under TM
and TE modes can be extracted by varying the incident angle.
Simulations performed for ¢ = 0° and ¢ = 45° confirm
that the UC response remains independent of ¢ for UCs with
90° rotational symmetry. Thus, S¥Z applies equally regardless
of ¢, and only the phase differences v, and v, vary with
polarization rotation.

Fig. 15 defines ¥, and ¥, for TM and TE modes in
the TA aperture, where v, = koasinfcos¢ and ¥, =
kobsinfsing. a and b are equal to the spacing between the UC,
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(@ ® © (@)
Fig. 14. Floquet simulation setup of the UC with periodic boundary

conditions with different ¢. (a) TM mode when ¢ = 0°. (b) TE mode when
¢ = 0°. (¢) TM mode when ¢ = 45°. (d) TE mode when ¢ = 45°.

(@ (b)

Fig. 15. Tllustration of the phase difference between UCs due to oblique
incidence of TM and TE waves. (a) TM mode. (b) TE wave.

¢ = 0° Incidence ¢ = 45° Incidence

¥ (degree)

) -9 -60 -30 O 30 60 90 ) 90 -60 -30 O 30 60 90
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(@) ()

Fig. 16. Bandpass UC magnitude response of the reflection coefficient as a
function of the phase difference between the UCs due to oblique incidence.

(a) ¢ =0°. (b) ¢ =45°.

particularly, 21 mm in this case. For TM modes along the
x-axis, ¥, reaches its maximum, while ¥, is minimized, and
vice versa for TE modes. Response on mixed regions of
the TM and TE modes is essential to calculate the mutual
coupling, which cannot be obtained in the conventional Flo-
quet simulation setup. Instead, the TM/TE decomposition and
synthesis scheme analyzed and presented in Section III-B can
be used to derive the response on mixed regions of the TM
and TE modes.

Fig. 16 shows the bandpass UC’s magnitude response of
the reflection coefficient as a function of v, and ,, which
vary with the incident angle. The response for the overlapping
TM and TE modes is also shown. Fig. 16(a) reveals the
magnitude response of the reflection coefficient when ¢ = 0°.
When i, = 0, the magnitude of the reflection coefficient
decreases as ¥, increases. When i, = 0, the response of
the TM region can be seen. Fig. 16(b) shows the reflection
coefficient magnitude response when ¢ = 45°. The reflection
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Fig. 17.  Mutual coupling (S;;) between the center element and other
elements of a UC array in an infinite array environment. (a) ¢ = 0°, Type 1.
(b) ¢ = 45°, Type 2.

180° 180°

-180° -180°

(2) (b)

Fig. 18. Phase distribution for different phase acquisition methods. (a) Phase
acquisition in parallel with the direction of polarization: Type 1. (b) Phase
acquisition with a 45° tilt to the direction of polarization: Type 2.

coefficient magnitude response varies with v, and v, as the
polarization direction is changed. From the derived reflection
coefficient response, the mutual coupling coefficient of Type 1
and Type 2 TA can be calculated.

The mutual coupling coefficients can be obtained from (16),
which is shown in Fig. 17. The values indicate mutual coupling
in decibels of the respective element with the center (orange)
element. In addition, the yellow-colored cells indicate the
direction of the polarization. The magnitude of the mutual
coupling coefficient between the UCs listed in the direction of
the polarization is higher, as can be seen from the table.

Fig. 18 presents the phase distribution for the UCs in both
Type 1 and Type 2 configurations. The two-phase distributions
are obtained from the phase of the E field formed on the TA
aperture and have the same reference phase. From the phase
distributions formed by the different phase acquisition meth-
ods, the EPD (A®,, , .ss) between the neighboring adjacent
UCs can be shown as follows:

1
Aq)m,n,eff = N Z

AX€A,, AyEA,
s.t. Ay, = {Ax|Ax € {—1,0,1}, m + Ax > 0}
A, ={Ay|Ay € {—1,0,1},n + Ay > 0}
(17)

SAX,Ay | cIDm,n - cDm+Ax,n+Ay |

where ®,,, is the phase of the E field on the mth and nth
elements, Sa, Ay is the mutual coupling coefficient derived
from (16), Ax and Ay indicate the moving index of the
neighboring UCs compared to the reference UC on the x- and
y-axes, respectively, and N is the number of the neighboring
UCs.

The EPD between the UCs lying on the TA aperture can
be calculated as the average of the actual phase difference
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Fig. 19. Schematic of the calculation of the number of neighboring UCs
and EPD, which varies with the position of the reference UC on the TA
aperture. (a) State when the reference UC is in the center region and has
eight neighboring UCs. (b) State when reference UC is attached to one side
and has five neighboring UCs. (c) State when reference UC is attached to two
sides and has three neighboring UCs.

between the reference UC and neighboring UCs multiplied by
the magnitudes of the mutual coupling coefficients as weight
factors. Fig. 19 shows the number of neighboring UCs as
a function of the position of the reference UC on the TA
aperture. For example, if the reference UC touches two sides
of the TA, as shown in Fig. 19(c), the EPD can be calculated
as follows:

1 1
APy err = < [So1|[ P11 — Pra| + 2| S |[ @11 — Das
3 3

+ 5180l [@11 — @] ()

In the same manner, the EPD can be calculated for phases
formed on the apertures Types 1 and 2 with different UC
arrangements. Fig. 20 shows the calculated EPD for the two
TA configurations. The larger the EPD between neighboring
UCs, the redder it is; the smaller values are indicated in blue
color. Both types of TAs exhibit a small EPD in the center
of the aperture where the radiated power is concentrated, and
the EPD increases toward the edge of the aperture. Fig. 20(b)
indicates that the Type 2 TA has a larger area of small EPD
in the center of the aperture than that in the Type 1 TA.
Furthermore, the Type 2 TA exhibits a lower EPD toward the
edge of the aperture. This means that the phase acquisition
method and the UC arrangement method of Type 2 have a
lower phase change rate than that of Type 1 at a given aperture.
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Fig. 20. Distribution of effective phase discontinuities between a reference
cell and its neighbors, weighted by the mutual coupling coefficients for
different phase acquisition methods. (a) Phase acquisition in parallel with
the direction of polarization: Type 1. (b) Phase acquisition with a 45° tilt to
the direction of polarization: Type 2.

It leads to a smaller dimensional difference between UCs
arranged concerning a specific phase.

As a method to check the accuracy and approximation of the
UC simulation, the surrounded element approach [36], [37] is
used. In most UC simulations, the S-parameter response is ver-
ified under the infinite periodic structure condition. However,
in the case of UCs placed in an actual TA design, there will
be geometric and dimensional differences between UCs. The
larger the geometric difference between the reference UC and
the surroundings, the greater will be the difference from the
response of the infinite periodic structure. In addition, it leads
to inaccurate phase compensation or large insertion losses [20].
The smaller the effective phase change, the fewer will be
structural differences between the placing UCs, resulting in a
more stable phase and magnitude response. Hence, the phase
acquisition method of the Type 2 TA has a more efficient phase
compensation and higher gain than that in Type 1 TA.

IV. SIMULATION AND EXPERIMENTAL RESULTS OF TA

A. Simulation Results

Fig. 21 shows the simulated normalized radiation pattern for
the Type 2 TA at different frequencies and SP angles (—45°
and +45°). At the center frequency of 3.5 GHz, the sharp
beam pattern indicates effective phase compensation, with both
polarizations showing sidelobe levels (SLL) below —20 dB.
The cross-polarization level at boresight is about —25 dB,
demonstrating good polarization separation.

At the 3.3- and 3.7-GHz operating frequencies, which is the
operating range of the 1-dB gain BW of the feeding antenna,
it can be seen that the SLL is about —15 to —18 dB as shown
in Fig. 21(a), (b), (e), and (f), which is a result of the change in
phase distribution with the change in the operating frequency
of the feeding antenna and the bandwidth limitation of the
UC. The polarization level is worse than the center frequency
band but still remains at or below —18 dB.

Fig. 22 compares the simulated and measured results for dif-
ferent types of TA as a function of frequency and polarization.
For the Type 2 TA, which has a high gain as demonstrated by
the EPD, the realized gain is 21.3 and 20.6 dB in the simula-
tion results for N-port and P-port polarizations, respectively,
at 3.5 GHz. In contrast, the Type 1 TA presented realized gains
of 19.1 and 19.5 dB, respectively, at 3.5 GHz. Type 2 TA has
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Fig. 21.  Simulated and measured normalized radiation patterns in the

YZ-plane of the Type 2 TA antenna on 3.3 GHz: (a) N port and (b) P port;
3.5 GHz: (c) N port and (d) P port; 3.7 GHz: (e) N port and (f) P port.

TABLE II
Loss BUDGET OF THE DESIGNED TA AT CENTER FREQUENCY

Ideal directivity 25.14 dB
Return loss 0.2 dB
Spillover loss 0.33 dB
Taper loss 2.24 dB
TA insertion loss 0.5 dB
Dielectric and conductive losses 0.6 dB
Realized gain 21.3 dB

a gain that is between 1 and 2 dB higher than Type 1 TA.
Realized gain can be converted to AE, which can be calculated
as follows:

)\2
Ae = _Go aine
ff dr bt d
Acsy
Nap = 5——— (19)
P Aphysical

where A pjysica s the physical area of the TA, and Goprainea
is the realized gain. For Type 2 TA, the N-port polarization
has an AE of 40.6%, compared to 24.4% for Type 1 TA,
indicating a 16% improvement due to enhanced phase acqui-
sition and UC placement. Table II shows the loss budget of the
proposed Type 2 TA. Spillover and taper loss were calculated
in Section II-B. In addition, dielectric and conductive losses
denote the loss of the feeding antenna, showing a radiation
efficiency of 88%. Eventually, for the total low-profile TA
system combined, 79% radiation efficiency was obtained.
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Fig. 22. Simulated and measured realized gain level with the frequency of
the different TA antenna types.
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Fig. 23. Conceptual diagram and measurement setup for the measurement of
the TA. (a) TA antenna measurement diagram and (b) practical implementation
of the measurement setup.

One factor to note is that gain improvement diminishes at
3.3 and 3.7 GHz compared to the center frequency. Fig. 7
shows that while certain UCs exhibit good insertion loss at
3.5 GHz, UCs at 3.3 and 3.7 GHz have insertion losses of up
to —5 and —10 dB, respectively, which reduces the effective
phase distribution (EPD). This results in signal attenuation
through the UC, limiting gain improvement at these frequen-
cies. The bandwidth of the UC affects the frequency range
over which gain increases, so a wider-band UC design would
yield a broader gain improvement.

B. Experimental Results

The fabricated Type 2 TA consists of three metal layers
(35-um thick) and two TLF-35 substrates (1.52-mm high),
with a total thickness of 3.04 mm. The aperture is 441 X
441 mm?, comprising 441 UCs, each 21 cm in size. The
distance between the TA and the feeding antenna is 14 cm,
corresponding to an F/D ratio of 0.33.

Fig. 23 shows the measurement setup using a signal gen-
erator and spectrum analyzer to measure the fabricated TA.
The signal generator side utilizes three dividers for MPSA
in-phase feeding with four subarrays, and the spectrum ana-
lyzer side uses a reference horn antenna with predefined gain.
To measure the absolute gain of the TA and MPSA, the path
loss (i.e., Thru) calibration process is performed using two
horn antennas with known gain, and after compensating for
the loss component of the used divider, the feeding antennas
MPSA and TA are placed to measure the absolute gain.

The measured beam pattern of the proposed TA using
the aforementioned measurement setup is shown in Fig. 21.
Due to the long wavelength of the 3.5-GHz band and the
large physical size of the feeder and TA, only YZ-plane
measurements could be performed. In addition, rotation of the
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TABLE III
COMPARISON WITH OTHER TA ANTENNAS
Fre- . . Measured .

Rt gueny  EDAEGH ) QNS meein o UCwpe  py{El al0n o iaden
5 133 0.75 379 5x5 0.07 21.3 FSS & Patch 75 3.82+4Hs» Hom TA  Single
13.3 0.75 29.3 10x10 0.07 26.2 FSS & Patch 6.7 757+Hs  Horm TA  Single
(4] 28 0.5 245 9.452 0.18 242 Metamaterial 7.19 5.79 Patch TA  Single
(5] 100 - 46 7.6x5.7 0.042 23.8 FSS - 6.67 Horn TA  Single
(71 28 0.7 7 4.8% 0.05 12 FSS 5.49 3.41 Dipole TA  Single
(8] 29 0.3V 12.6 162 0.1 24.7 Polarizer 8.629 4.6+Hs> Horn FTA  Single
[9] 27 0.29V 44.7 7.2% 0.04 24 Polarizer 25.9 3.8 Horn FTA  Single
[12] 1.95 0.53 26.3% 2.6x2.6 0.4 13.5 FSS - 2.03 Dipole TA  Single
[14] 28 0.32 40.3 15x15 0.14 30.6 Huygens 7.149 494+Hs> Horn TA  Single
[19] 124 0.05 425 18.8x18.8 0.76 26.5 FSS 524 1.66+H SlmTZ“ay Single
pzr;'d 35 033 37 5.1x5.1 0.035 209 FSS 5.7 T A

DH/D (FTA) 2 Diameter of a circular array 3 Value inferred from the graph ~ # Calculated from the graph > Height of the feeding source

DUT antenna is required to measure the beam pattern, and
because of the rotation angle limitations of the rotation table
where the TA and MPSA are placed, beam patterns from —50°
to 50° were measured.

In Fig. 21(c), the N port polarization exhibits the highest
gain at 3.5 GHz, with an HPBW of about 10° and the
highest SLL of about —17 dB. The cross-polarization level
also remains low, below —20 dB at boresight. The 3.3-
and 3.7-GHz cases show HPBWs of about 18° and 14°,
respectively, and both show low SLLs below —15 dB and
low cross-polarization levels below —20 dB. Fig. 21(b), (d),
and (f) displays the results of the P port polarization, which
again shows the highest gain at 3.5 GHz. Overall, it exhibits
a similar radiation pattern to the N port and has an HPBW
of about 12°. The 3.3- and 3.7-GHz bands also exhibit SLLs
below —14 dB and cross-polarization levels below —17 dB.

The measured realized gain for the Type 2 TA with a short
dashed line is depicted in Fig. 22. At the center frequency
of 3.5 GHz, the N-port and P-port gains are measured to be
20.9 and 20.2 dB, respectively, a reduction of 0.4 dB from the
simulation. AE can be calculated to 37% and 31.5% from the
measured data. At 3.3 and 3.7 GHz, gains of 17.5 and 18.8 dB
were measured, aligning closely with simulated values. Thus,
by acquiring the phase of the feeding antenna at a 45° tilt to
the direction of polarization, we were able to experimentally
verify a TA that exhibits the same high gain as the simulation
in a low profile.

Table III summarizes the performance of the recent works
on TA antenna systems. As shown in the table, the proposed
TA antenna supporting dual SP exhibits a low F/D, resulting
in a low-profile system with an extremely low total height

of 1.89)p, while maintaining a high AE of 37%. The low
bandwidth is caused by the bandwidth limitation of the FSS
UC and the nonuniformity of the gain of the MPSA used as the
feeding antenna, but it shows a very low thickness by utilizing
the FSS implementation with two substrates.

V. CONCLUSION

This article presents a low-profile TA system that utilizes
MPSA feeding with SP and introduces the concept of EPD
on the aperture surface, which is experimentally verified. The
proposed TA has advantages over novel UC arrangements
that do not match the polarization direction. By analyzing
the response of polarization not incident perpendicular to the
sides of a UC satisfying 90° rotational symmetry, verifying
the TM/TE oblique incidence, and deriving the response to the
region where the two modes overlap, we increased the degrees
of freedom of the phase acquisition method. The presented
TA realizes a high AE of approximately 37% at a low F/D
ratio of 0.33, achieving an efficient low-profile system of
feeding and TA antenna. Dual-polarization operation and high
gains up to 21.3 and 20.6 dB are achieved at an operating
frequency of 3.5 GHz. The proposed TA antenna system and
its analysis with design procedure will contribute to efficient
miniaturization and high gain realization of an array antenna
system operating at not only sub-6 GHz but also at other
frequencies.
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