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Millimeter-Wave LTSA Array Fed by High-Order
Modes with a Low Cross-Polarization Level and
Relaxed Fabrication Tolerance
Jianfeng Chen, Wei Yuan, Wen Xuan Tang, Member, IEEE, Lei Wang, Senior Member, IEEE,
Qiang Cheng, Senior Member, IEEE, and Tie Jun Cui, Fellow, IEEE

Abstract—In this article, a 1×12 millimeter-wave (mmW)
linearly tapered slot antenna (LTSA) array, fed by high-order
waveguide modes, is introduced. Due to the antiphase characteristic between adjacent channels of a power divider based
on the TE2n,0 mode waveguide, the cross-polarized E-field
components can cancel each other out in an end-fire direction,
even in the case of a relatively thick substrate. Moreover, the
electric separations between the adjacent channels employed in a
traditional substrate integrated waveguide (SIW) power divider
can be removed without affecting the field distributions. This
facilitates in improving robustness to avoid fabrication errors.
Additionally, a general condition of generating a single high-order
mode with symmetrical protection is outlined. By combining
two antiphase TE30 mode waveguides, an equivalent TE60 mode
waveguide with six identical output channels is realized. To feed
a 12-element array, two equivalent TE60 mode waveguides are
employed as an equivalent TE12,0 mode-feeding network. Instead
of the complex 1-to-n-way power divider and relatively thin
substrate featured in previous works, the high-order mode-fed
LTSA array introduced in this study is able to operate over
26.5–30 GHz with substrate height of 2 mm (0.19λ0 ), yielding a
cross-polarization level of less than -15 dB.
Index Terms—TSA, high-order mode, cross-polarization, fabrication tolerance.

I. I NTRODUCTION
S an end-fire radiation antenna, the tapered slot antenna
(TSA) has received considerable attention owing to its
advantages, such as wide bandwidth, high gain, and compact
structure [1], [2]. TSA arrays are viable in modern military and
commercial communication systems, including satellite wireless communication, radar sensing, and biomedical imaging. In
general, a TSA is classified based on the taper shape, as with
a linearly tapered slot antenna (LTSA) [3] or exponentially
tapered slot antenna (Vivaldi TSA) [4], [5].
Other than the aforementioned advantages, conventional
TSA also has some drawbacks. One of these drawbacks is the
cross-polarization characteristic at high frequency band which
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emerges from the skewed radiation E-field [6]. To overcome
this problem, a balanced antipodal TSA, connected by an
antiphase balun, was achieved by modifying the original twolayer structure into a three-layer one with mirror symmetry
in the middle layer [6]–[9]. Given the cancellation of the
vertical E-field components between each taper, a low crosspolarization level could be realized. In light of the multilayer
characteristic, most balanced antipodal TSAs are excited by
planar transmission lines, such as coplanar waveguides and
microstrip lines, which are not suitable for millimeter-wave
(mmW) devices due to the considerable transmission losses
entailed [10]. In attempting to achieve compatibility with the
SIW, which is favorable for the mmW design, and to maintain
a relatively low cross-polarization level, a conventional twolayer LTSA with a very thin substrate was proposed in [11].
The working band can be up to 90∼120 GHz, with a substrate
thickness of 0.127 mm (0.044 λ0 ) and a cross-polarization
level of about -15 dB.
When the operating frequency is increased, the effects of the
fabrication tolerances worsen [12], [13]. For a general planar
antenna array, a 1-to-n-way power divider is required to feed
each antenna element, which is performed by optimizing the
width of each feeding branch [14]–[18]. The shrinkage of the
entire geometric sizes, due to a high working frequency, may
result in the deterioration of the antenna’s performance if any
fabrication error occurs. Therefore, mmW devices must be
characterized by a simplified and robust design. LTSA can
be a good candidate for mmW radiation elements owing to
its simple geometric construction. In addition, a high-order
mode waveguide, rather than the dominant mode waveguide,
can be employed to simplify the feeding structure of the
antenna array, which has been proposed in a 140-GHz antenna
array [19]. Due to the relatively large width of the highorder (oversized) waveguide, the fabrication tolerance can be
improved.
In this article, we propose an mmW LTSA array with 12
radiation elements. Two TE30 mode waveguides, connected by
one TE20 mode waveguide, are used to serve as an equivalent
TE60 mode waveguide. By combining two equivalent TE60
mode waveguides using a general 1-to-2-way power divider, an
equivalent TE12,0 mode waveguide is developed to feed the 12
modified LTSAs. The proposed TE30 mode-fed mmW LTSA
array operates over 26.5∼30 GHz, with the achieved gains
varying from 14.5 to 16 dBi, which results in the following
features:
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1) A lower cross-polarization level can still be realized
(below -15 dB) in the case of a relatively thick substrate (0.19
λ0 ). Given the merit of the reversed phases between adjacent
antenna elements, the cross-polarized E-field components can
cancel each other out through the modification of the LTSA
arrangement.
2) The traditional feeding networks, e.g., the T-junction
power divider, phase divider, and balun, are simplified by
a TEn0 waveguide. Compared with the 1-to-n-way power
divider employed in antenna arrays [14]–[18], an input signal
can be automatically divided into n-way-independent output
signals, with equiamplitude and opposite phases, and therefore, the total number of physical channels is dramatically
decreased, which facilitates in reducing the complexity and
transmission losses of the mmW device.
3) The robustness against fabrication errors is thus improved. As TE30 and TE20 modes work in the oversized
waveguides and the electric separations between the adjacent
channels are removed, the demand for fabrication precision
can also be relaxed. Moreover, a relatively thick substrate,
delivered by the antiphase feature between adjacent antenna
elements, offers another approach for relaxing the design and
test constraints for the mmW devices.
The remainder of this paper is organized as follows. In
Section II, the configuration of our proposed mmW LTSA
array is outlined. In Section III, the principle of the antenna
element and array design fed by high-order mode waveguides
are presented. Moreover, an example of an equivalent TE60
mode waveguide-fed LTSA array is provided in this section. To
verify our proposed approach, in Section IV, a relatively larger
array with 12 LTSA elements is depicted using two equivalent
TE60 mode waveguides. A discussion of our proposed antenna
array and a comparative analysis with other end-fire arrays
are given in Section V. This section also includes quantitative
analysis for the robustness against fabrication errors. Finally,
Section IV concludes the paper.
II. A RRAY C ONFIGURATION
The configuration of the proposed LTSA array is presented
in Fig. 1. The prototype was fabricated in Taconic TLY-5
substrate with a 2.2 dielectric constant. Fig. 1(b) presents the
geometry details of the proposed structure. To reveal the inner
structure, the metallic layers on both the outer surfaces of the
substrate are set to transparent in Fig. 1(b). Note that the mmW
LTSA array is employed by connecting four components,
including one front-end LTSA array [frame in orange], four
TE30 mode waveguides [frame in blue], two TE20 mode
antiphase dividers [frame in green], and one conventional
1-to-2-way power divider [frame in purple]. The front-end
LTSA array comprises of 12 modified LTSA elements and is
elucidated in detail in Section III. Four TE30 mode waveguides
are located behind the radiators by loading periodic pins into
an oversized waveguide with width 3w1 , as presented in the
inset of Fig. 1(b). In our design, the periodic pins were realized
by connecting the circular rings within the waveguide and the
metalized vias. Note that a taper structure with a linearly decreased pin radius (from 3d1 /4 to d1 /4 and 3d2 /4 to d2 /4) is

2

(a)

(b)
Fig. 1. (a) Illustration of the proposed LTSA array with the 12 radiation
elements. (b) Top view of the proposed LTSA array with a transparent outer
surface, where the zoomed-in view of a radiation element and periodically
loaded pins are illustrated in detail.

implemented to mitigate unwanted wave reflections. Moreover,
the TE20 mode antiphase divider was also achieved by loading
the periodic pins into an oversized waveguide with width 2w2 .
The dimensions of the pins coincided with their counterparts in
the TE30 mode waveguide. By providing two antiphase signals
for two TE30 mode waveguides, an equivalent TE60 mode
waveguide is realized, as discussed in Section III-B. Finally,
a general SIW-based 1-to-2-way power divider was used to
provide two signals with equivalent amplitudes and phases.
Then, the entire array was erected by connecting these four
parts together in sequence and then launched using a 2.92-mm
coaxial connector. The key dimensions of our proposed LTSA
array are presented in Table I.

TABLE I
D IMENSIONS OF THE P ROPOSED LTSA A RRAY
Parameters
Value (mm)
Parameters
Value (mm)
Parameters
Value (mm)

w1
4.5
w7
6
dt1
2.13

w2
2.75
h
2
dt2
1.65

w3
7.2
h1
0.5
dt3
1.18

w4
4.6
d1
2.6
dt4
1.43

w5
6.5
d2
1.9
dt5
0.95

w6
6
l1
10
dt6
0.48
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(a)

Fig. 2. Mechanism of the proposed TE20 -fed, two-element LTSA array, where
the E-fields in the transverse section of the flared slots of the LTSA array is
sketched in the insets.

(b)
Fig. 3. Radiation patterns of (a) traditional and (b) TE20 -fed LTSA arrays
in the E-plane and H-plane.

III. A NTENNA D ESIGN AND A NALYSIS
In this section, the design principle of the high-order
mode-fed antenna array is given and discussed. The main
components of our proposed LTSA array are analyzed in
detail, including the arrangement of the LTSA element, the
actualization of the TE30 mode waveguide, and the TE20 mode
antiphase divider.
A. LTSA Array Fed by a High-Order Mode
In [20], a monopulse dual-LTSA array is developed using a
multimode SIW feeding network. A standard 3-dB coupler and
90◦ phase shifter were used to construct a 180◦ coupler. However, the performance of the above approach was sensitive to
the geometric dimensions. Inspired by this method, we aimed
to introduce a high-order mode waveguide to construct a dualLTSA array. Fig. 2 presents the schematics and mechanism of
our proposed mmW LTSA array. To display the differences, a
traditional LTSA array fed by two waveguides is presented in
Fig. 2(a), with the E-field components in the transverse section
of the flared slots presented in the inset. From the figure, it
can be seen that the E-field components [the dotted lines in
yellow] are skewed with respect to the surface of the substrate,
indicating two orthogonal components [the solid lines in blue
and red] in the radiation beam. For an LTSA array, the Eplane of the radiation beam is parallel to the substrate surface
[3]–[5] due to the maximum directional beam at the end-fire.
Hence, the perpendicular components [the solid lines in blue]
are defined as the cross-polarized (X-pol) components. The
superposition of the X-pol components constitutes a major part
of the X-pol radiation beam in the far field. For the traditional
LTSA presented in Fig. 2(a), the X-pol components are inphase, which enhances the amplitude for the X-pol radiation
pattern and degrades the antenna’s performance.

To overcome the effects of the skewed radiation E-field, the
substrate should be sufficiently thin to reduce the intensity of
the X-pol components [11]. Moreover, the dual-V-tape LTSA
[20] provides another approach for reducing the effects of
the X-pol components, as presented in Fig. 2(b). Thanks to
the out-of-phase signals between the adjacent waveguide and
the modified antenna arrangement, the X-pol components can
be partially eliminated at the end-fire, keeping the Co-pol
performance unchanged. Instead of feeding the two-element
LTSA array with two antiphase signals, the problem can be
inverted if we directly connect the modified LTSA array with
a TE20 mode waveguide, as presented in Fig. 2(c). Unlike the
dual-V-type LTSA discussed in [20], the robustness against
fabrication errors can be further improved in light of the fact
that the TE20 mode works in the oversized waveguides and
that the electric separations between the adjacent channels are
removed.
To confirm the method outlined above, we calculate the
radiation patterns in the E-plane and H-plane at 28 GHz with
different substrate heights h (0.5∼2 mm), as presented in Fig.
3. For the traditional two-element LTSA in Fig. 2(a), the crosspolarization level increases as the height h increases, as shown
in Fig. 3(a), due to the fact that the skewed angle of the Efield arises and tends toward 90◦ [6]. Contrarily, our proposed
TE20 mode LTSA offers more stable end-fire patterns, even
with a relatively thick substrate (2 mm, 0.18λ0 ), as plotted in
Fig. 3(b).
B. LTSA Array Fed by an Equivalent TE60 Mode
Building on the analysis of the TE20 mode-fed method
described above, we can form a large array using several TE20
mode sub-arrays, as illustrated in Fig. 2(c). Since the cancellation of X-pol components at the end-fire, the performance of
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mode in an oversized waveguide. Given the knowledge of
the high-order mode (TE2n,0 mode) in the waveguide [21],
more low-order modes can exist in the waveguide if the
index n grows larger. However, the existence of a multimode
may induce distortions in the radiation patterns due to the
disordered distribution of the energy in the radiation aperture.
To exploit the advantage of the TE2n,0 mode-feeding network
and minimize the effect of low-order modes on the over-mode
waveguide, a compromise method is employed by splitting the
TE60 mode into two antiphase TE30 modes, as presented in
Fig. 4(c) and (f). After the reduction of the mode index n
from 6 to 3, the single high-order mode. Furthermore, only
one additional electrical separation is added in the middle of
the original TE60 mode waveguide, which is beneficial for the
fabrication process. For simplicity, the new feeding network
combined with two anti-phase TE30 modes is considered in
our discussion as an equivalent TE60 mode waveguide.
Fig. 4. (a) Large array constituting three identical TE20 mode-fed sub-arrays.
(b) TE60 mode-fed LTSA array. (c) Equivalent TE60 mode-fed LTSA array
using two antiphase TE30 modes. (d)–(f) Mechanism of the feeding modes
from the three identical TE20 modes to the two antiphase TE30 modes as an
equivalent TE60 mode.

Fig. 5. Radiation patterns of the proposed TE60 mode-fed LTSA array with
h = 2 mm. (a) E-plane. (b) H-plane

low-polarization level can also be achieved for such combined
large array with relatively large substrate height. It is worth
noting that a simple combination of the TE20 mode waveguide
will also increase the complexity of the feeding network, as
more electric separations (multiple rows of metallic posts in
SIW) and power dividers are required.
Generally, the feeding mode of a large array combined by
n identical TE20 mode sub-arrays can be seen as a TE2n,0
mode, where n is an integer. Hence, it is possible to directly
generate the desired TE2n,0 mode in an oversized waveguide
as the feeding network.
As an example, a six-element array model with three
identical TE20 mode sub-arrays is interpreted in Fig. 4(a). In
the rectangular waveguide context, it is possible to actualize
a TE60 mode using three TE20 modes, as analyzed in Fig.
4(d)–(e). On this basis, we present a TE60 mode-fed LTSA
array in Fig. 4(b), which features the same performance as
the model in Fig. 4(a). The radiation patterns of the TE60
mode-fed LTSA array with h = 2 mm are presented in Fig. 5,
which demonstrate the low X-pol level capacity of our design.
Another major challenge is the generation of the ideal TE60

C. Generation of the TE30 Mode
As discussed previously, we use an equivalent TE60 mode
waveguide as the feeding component of our proposed mmW
LTSA array. The unit of the feeding network is two antiphase
TE30 mode waveguides. Hence, the remaining problem is how
to generate this mode with a high level of purity in the waveguide. Over the last few years, numerous methods have been
proposed to achieve the TE20 mode in the waveguide [22],
[23]. A general TE10 to TEq0 mode convertor was proposed
using the H-plane corner, where the achieved mode conversion
ratio was over 80% [24]. However, the performance of these
designs [22]–[24] is sensitive to the structural processing
accuracy. The undesired modes can be easily excited due to
the existence of tiny fabrication errors.
According to the studies in the literature [25]–[29], the
approach of periodical loading offers an entirely new avenue
to control EM waves in the microwave region. Considering the
Bloch theory in the periodic structure, a continuous dispersion
curve will be divided into numerous space harmonics [30],
[31]. For a structure with normal symmetry, these space
harmonics will be separated by the bandgaps in the frequency
domain. Thus, it is possible to generate a certain high-order
mode with a high degree of purity if we place this waveguide
mode in the bandgaps of the other order modes [25], [32].
Compared with [25], [32] , the approach proposed in [29]
require the loading of several additional dielectric rods with a
large dielectric constant (up to 24), which may result in more
dielectric loss in the millimeter-wave band. In additional, this
approach in [29] is hardly compatible with the standard PCB
processing. Moreover, the TE20 mode in [29] is excited by
a standard WR-90 waveguide connector which is considered
as an overmoded waveguide in the operating TE20 mode
band. This may give rise to the mode mismatch if any
perturbation happens. Last, it’s not favorable for the high-order
mode design with desired working frequency and bandwidth,
especially for TEn0 mode, where n ≥ 3. In contrast, the
approach in [25], [32] separates TE30 mode waveguide into
three identical TE10 mode sub-waveguides. Thanks to the
same cut-off frequency between the TE30 mode waveguide
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Fig. 6. Dispersion curves of the desired, periodically loaded waveguide unit.

(a)

(b)
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room-type pins are placed in the transverse direction of the
waveguide, with periodic boundaries along the longitudinal
direction. The dispersion curves of the proposed unit cell are
then calculated using the Eigenmode solver of the CST in Fig.
6. Given the periodicity of the Brillouin zone, it is sufficient
to only offer the dispersion curves in the first Brillouin zone
(βp = 0 ∼ π/2). From Fig. 6, it can be seen that the
TE20 , TE30 and TE40 modes exist in the gray region (27∼31
GHz), whereas the TE10 mode is precluded by its bandgap. As
discussed in [32], the TE20 mode can also be suppressed by
using a central feeding method due to the mismatch between
the input and TE20 modes. Similarly, TE40 mode can also be
suppressed by this feeding method. In this manner, only the
TE30 mode can survive within the proposed waveguide.
To confirm the above analysis, a test model based on the
structure shown in Fig. 1, for the generation of the TE30 mode,
is presented in Fig. 7(a). A grounded coplanar waveguide
(GCPW) is employed to launch the proposed TE30 mode
waveguide. The double-slots are on the top layer of our
proposed GCPW, as shown in the inset of Fig. 7(a). Fig.
7(b) sketches a snapshot of the Ez -field component at 28
GHz. Clearly, the TE30 mode is efficiently excited in the
oversized waveguide. The mode purity is analyzed through
the simulated transmission coefficients from the GCPW mode
to the TE10 , TE20 , TE30 and TE40 modes, as presented in Fig.
7(c). Note that the output magnitudes in the TE10 , TE20 and
TE40 modes can be less than -20, -50 and -60 dB, from 26.5
to 30 GHz, indicating that only the TE30 mode is supported
as the carrier wave in the waveguide. We have to point out
that this example is given to demonstrate the ability of single
TE30 mode generation, and the dimensions of the waveguide
and pins are the same as the counterpart in Fig. 1 and not
optimized as separate entity to reduce the return loss.
D. Antiphase Power Divider

(c)
Fig. 7. (a) Test model of the proposed TE30 mode converter. (b) Snapshot of
the Ez -field in the test model. (c) Transmission coefficients of the proposed
TE30 mode test model.

and its TE10 mode sub-waveguide. The rough working range
can be determined simply by modifying unit cell of the subwaveguide. Furthermore, TE30 mode can be excited by its
TE10 mode sub-waveguide directly, as discussed in [32].
The inset of Fig. 6 presents a model of the unit cell proposed
for the generation of the TE30 mode. Three pairs of mush-

A key problem of the proposed equivalent TE60 mode
waveguide is how to combine two TE30 mode waveguides
and keep them out of phase within the entire operating band,
given that any fluctuation of the phase difference will reduce
the purity of the equivalent TE60 mode and then distort the
radiation patterns.
Normally, a phase power divider can be employed using
traditional microwave techniques, e.g., a 180◦ directional
coupler and hybrid [21]. However, the performance of these
devices heavily depends on the size of the transmission lines.
In [33], a simple and compact feeding network with 180◦
phase difference between adjacent waveguides, is proposed
by using a series of T-junctions. Unfortunately, the antiphase
property can only be guaranteed in a relatively narrow band
since the change of the effective electrical length. Additionally,
the features of the antiphase and equiamplitude are realized by
optimizing the geometric dimensions carefully, thus any fluctuation (e.g., fabrication error) may give rise to the reduction
of the antenna performance, especially in the mmW band.
In the context of the TE20 mode, the adjacent channels
feature the antiphase signals in the operating band due to the
E-field distribution of the TE20 mode in the transverse cross-
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(a)

(a)

(b)
Fig. 10. (a) Discrete models of the circular vias array with different nd and
(b) the corresponding dispersion curves.
(b)
Fig. 8. (a) Test model of the proposed antiphase divider. (b) Snapshot of the
Ez -field in the test model.

Fig. 11. Discrete form of the large original via using a circular via array.

E. Discrete Circular Vias Array

Fig. 9. Amplitude and phase differences between output ports 2 and 3 for
the test model of the proposed antiphase divider.

section. Hence, it can perform an antiphase divider function
using a TE20 mode waveguide.
As discussed in Section. III-C, a certain high-order mode
can be generated in the bandgap of the low-order mode [25],
[29], [32]. Compared with other approaches, the high-order
mode generator with reduced symmetric protection discussed
in [32] provide a better avenue to alleviate the reduction of
performance caused by the processing error and mechanical
deformation, and meanwhile, greater compatibility with PCB
technique. Using the periodic model presented in Fig. 6, we
propose an antiphase divider by connecting three traditional
TE10 mode waveguides and one oversized TE20 mode waveguide, as presented in Fig. 8(a). A right-angled corner [24],
combining the input waveguide and TE20 mode waveguide,
offers a high conversion rate from the TE10 mode to TE20 . Fig.
8(b) presents a snapshot of the Ez -field component at 28 GHz.
Clearly, the TE20 mode is efficiently excited in the oversized
waveguide. Fig. 9 presents the amplitude and phase differences
between port-2 and port-3, which indicate the stability of the
antiphase and equiamplitude within the operating band.

Limited by the fabrication process, the maximum dimension
of the large via holes that used to construct the mushroom-type
pins in the above high-order mode waveguides could hardly
be employed. As an alternative, several circular via arrays
(d3 = 0.4 mm) are introduced to replace the original design,
as presented in Fig. 10(a). Fig. 10(b) presents the dispersion
curves of the TE30 mode unit cell with different discrete hole
number nd . It can be seen that the frequency range of single
TE30 mode changes with different nd . Table. II lists the results
in detail, which indicates that the circular via array can be
perceived as the discrete form of the original large vias by
increasing the number of small vias in each circular array, as
shown in Fig. 11.
TABLE II
TE30 M ODE R ANGE FOR D IFFERENT D ISCRETE N UMBER
nd

4

6

8

10

Large
vias

Range
(GHz)

25.9-28.8

26.2-29.8

26.6-30.2

27.1-30.7

26.9-30.4

IV. D ESIGN OF A N E QUIVALENT TE12,0 M ODE LTSA
A RRAY AND E XPERIMENTAL VALIDATION
An equivalent TE60 mode-fed mmW LTSA array and the
design details of each component thereof are presented above.
Fig. 12(a) presents the topology of the proposed LTSA array,
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(a)

(a)

(b)
Fig. 13. Snapshot of an E-field: (a) in-plane; (b) out-of-plane.

(b)
Fig. 12. Diagrams of (a) a six-LTSA element array fed by an equivalent TE60
mode and (b) a 12-LTSA-element array fed by an equivalent TE12,0 mode.

which consists of an equivalent TE60 mode waveguide and a
modified LTSA array. The ability of low cross-polarization
level with a relatively thick substrate is confirmed by the
radiation patterns, as presented in Fig. 5.
On this basis, it is possible to implement a larger array with
more antenna elements by combining several equivalent TE60
mode-fed mmW LTSA arrays. For instance, using the above
approach, we developed a 12-element LTSA array. The topology is presented in Fig. 12 (b). Considering the constitution
of the two equivalent TE60 mode waveguides, the new feeding
network could be perceived as an equivalent TE12,0 mode
waveguide comprising four TE30 mode waveguides, with two
TE20 mode waveguides and one 1-to-2-way divider.
The configuration of the proposed equivalent TE12,0 modefed LTSA array is presented in Fig. 1. We conducted our
simulation using the full-wave package (CST Microwave Studio, 2016). Fig. 13 presents the snapshots of the E-field at
28 GHz, including the in-plane and out-of-plane components.
Comparing Fig. 13(a) with (b), only the in-plane component of
the E-field is efficiently radiated by the LTSA array. Moreover,
the out-of-plane component is excited with the antiphase
character between the adjacent channels, which validates the
generation of high-order modes (TE20 and TE30 modes) within
the feeding network.
To demonstrate the validation of our design, an equivalent
TE12,0 mode-fed LTSA array prototype was fabricated using
the standard PCB process, as presented in Fig. 14. The
simulated and measured results are also compared in this
study, as presented in Figs. 15–16. The S-parameters of the
fabricated prototype are measured by the network analyzer,
Agilent N5230C. A 2.92-mm coaxial connector is used as the
feeding port. The simulated and measured results are presented

Fig. 14. Fabricated prototype of the equivalent TE12,0 -fed LTSA array.

in Fig. 15. The |S11 | remains below -10 dB, from 26.5 to
30 GHz. The radiation patterns in the E-plane and H-plane,
including the Co-pol and X-pol components at 26.5, 28, and
29.5 GHz, are presented in Fig. 16, indicating the effect on the
performance of the low cross-polarization level. In addition,
the realized gains cover 14.5∼16 dBi.
V. D ISCUSSION
To validate the advantages of our proposed system, we
list the results from the other reported works in Table III

Fig. 15. Simulated and measured S-parameters of the equivalent TE12,0 -fed
LTSA array.
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for comparison. Traditionally, a one-to-multiple-way divider
is important for developing a planer antenna array. In [14], an
eight-way divider with identical output amplitudes and phases
is proposed by combining several T/Y junctions, which are
sensitive to the geometric dimensions. In [15], a compact 1×8
LTSA array is proposed using an SIW horn, with each divider
branch having different performances, which is unfavorable for
the design of an antenna array. Using our proposed high-order
mode waveguide as a feeding network, the power amplitudes
between adjacent radiation channels can be maintained due
to the high purity of the high-order mode. Furthermore, the
dimensions of the periodic vias, offering a bandgap for the
suppression of low-order modes, are favorable for the PCB
process. The radius and separation distances are 0.95 and 3.4
mm, respectively, which are larger than the standard minimum
via process limit (i.e., 0.2 and 0.35 mm, respectively). Hence,
a slight deformation or fabrication error has less of an effect
on the performance of the device.
In [11], a LTSA element for 90∼120 GHz was proposed
with a substrate thickness of 0.127 mm, i.e., 0.044λ0 , which
is the standard minimum layer thickness for the PCB technique. This will lead to a decrease in mechanical strength.
Furthermore, in light of the shorter operating wavelength,
the performance of the LTSA array may be degraded if any
tiny deformation occurs. Contrarily, the LTSA array presented
in this article excels due to the relatively large substrate
thickness (over 2∼4 times larger than the others) and the low
level of demand for the power divider. For instance, adopting
our proposed approach in the design presented by [11], the
substrate thickness could be increased to 0.55 mm.
The disturbances caused by deformation and manufacturing
error also have some negative effects on the performance of
our proposed LTSA array, including the increase of return
loss and reduction of radiation gain. However, the basic
function of the antenna array stands, due to the stability of
the normalized radiation pattern based on the high-order mode
feeding network (e.g., direction of the main beam, sidelobe and
X-pol levels). Thus, it’s critical for our proposed LTSA array to
keep the mode purity of the desired high-order mode. For this
reason, the performance of TE30 mode waveguide for different
fabrication errors can be used to evaluate the robustness of our
design.
Fig. 17 depicts the dispersion curves of the TE30 mode unitcell based on discrete circular vias array, with a standard PCB
processing tolerance of ∆d3 = ±0.08 mm (i.e., 0.32 mm≤
d3 ≤0.48 mm) and ∆h = ±10%h (i.e., 1.8 mm≤ h ≤2.2
mm). It can be seen that the single-mode bandwidth can keep
stable relatively under the variation of the assumed fabrication
errors, as listed in Table IV. To test the robustness of our design
further, the simulated mode suppression ratios ((TE10 /TE30 )
[29], for different assumed fabrication errors, are calculated
using the model depicted in Fig. 7(a) and Fig. 11, as shown
in Fig. 18. The range of TE30 mode with high purity varies
slightly with the fabrication errors, which demonstrates the
robustness of the proposed antenna in this paper.
As a result, its low cross-polarization level, along with the
improved fabrication robustness, makes our proposed highorder-fed LTSA array a viable enabling solution for several

8

(a)

(b)
Fig. 16. (a) Simulated and (b) measured radiation patterns of the equivalent
TE12,0 -fed LTSA array.

(a)

(b)

Fig. 17. Dispersion curves of the discrete models based the circular vias array
with different (a) diameters d3 and (b) substrate thickness h.

applications in the mmW and THz regions.
TABLE III
C OMPARISON OF D IFFERENT LTSA A RRAYS
Reported
Works
[11]
[14]
[16]
[17]
This Work

Center
Frequency (GHz)
105
10
8
26.1
28.25

Element
Number)
1
1×8
1×4
1×8
1×12

Substrate
Thickness
0.044λ0
0.05λ0
0.08λ0
0.044λ0
0.19λ0

Power
Divider
1-to-8
1-to-4
1-to-8
1-to-2

TABLE IV
TE30 M ODE R ANGE FOR D IFFERENT M ANUFACTURE E RRORS
Range
(GHz)

Standard

d3 =0.32

d3 =0.48

h=1.8

h=2.2

27.1-30.7

26.8-30.2

27.2-31.1

26.8-30.4

27.2-31.0
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(a)

(b)

Fig. 18. Mode suppersion ratios of the discrete models based the circular
vias array with different (a) diameters d3 and (b) substrate thickness h.

VI. C ONCLUSION
In this article, we propose a 1×12-mmW LTSA array with a
low cross-polarization level and relaxed fabrication tolerance.
The feeding network was introduced by employing several
high-order-mode waveguides, including the TE20 and TE30
modes. The general condition for generating a single highorder mode with high purity is also provided. Building on the
oversized characteristic of the high-order mode waveguides is
favorable for the PCB process of the mmW devices. Moreover,
the employment of a high-order mode can also relax the
demand for a 1-to-n-way power divider due to the removal
of the electric separations between the adjacent channels. In
addition, a relatively thick substrate of 0.19 λ0 was used in
this study. Thanks to the antiphase property of the adjacent
antenna elements and modified LTSA arrangement, a high
cross-polarization level could be achieved. Numerical and
experimental results are provided to confirm the capacity of the
low cross-polarization level and relaxed fabrication tolerance.
The optimized LTSA array operates over 26.5∼30 GHz, with
a substrate height of 2 mm (0.19 λ0 ), thus generating a
cross-polarization level of below -15 dB. The realized gains
span from 14.5 to 16 dBi. Given the improved fabrication
robustness, we believe that this investigation enables more
capable and affordable access to mmW devices.
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