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ABSTRACT This paper presents a double-layer, dual-band, orthogonally polarized, highly efficient trans-
mitarray antenna (TA) operated in the Ku/K band (14 GHz/20 GHz) for millimeter wave (MMW) wireless
communication systems (WCS). The proposed TA consists of two types of multi-resonant dipoles with metal
vias, operating in the Ku and K bands. The Ku and K elements are interlaced with each other independently
to ensure dual-band orthogonally polarized operation. The proposed double-layer elements obtained a 360◦

phase shift range with transmission amplitude greater than −2 dB. They also achieved independent phase
responses in both bands by two orthogonally arranged elements. The proposed TA has been designed,
manufactured and measured. The measurement results, which are consistent with simulation results, indicate
that maximumgains of 25.2 and 27.4 dBi corresponding to aperture efficiencies of 55% and 49% are obtained
at 13.75 and 20 GHz, respectively. Moreover, 1-dB gain bandwidths of 10% and 6% are also achieved in
the Ku and K frequency bands, respectively. Therefore, the proposed double-layer Ku/K dual-band TA with
high efficiency and simple design is a good candidate for MMWWCS.

INDEX TERMS Double-layer, dual-band, orthogonally polarized, transmitarray.

I. INTRODUCTION
Planar antennas (e.g., transmitarray antennas (TAs) and
reflectarray antennas (RAs)) have received extensive research
attention because of their advantages of high gain, light
weight, low cost and ease of fabrication using printed cir-
cuit board technology [1]–[24]. TAs inherited the merits of
RAs and eliminated the feed blockage. Although TAs have
many advantages, challenges still remain when designing
high-performance TAs.When designing a TA, both amplitude
and phase shift must be considered. However, in general, only
the phase shift needs to be considered for the RA. Through
years of research and development, various TA design meth-
ods have been proposed and developed [5]–[22].

In general, the relationship between the amplitude, phase
shift range and layer are somewhat fixed according to
the theoretical limit [4], [5]. Therefore, to achieve good
transmission amplitude and sufficient phase shift range,
a multi-layer stacked structure is typically used [6]–[10].
However, the multi-layer structure inevitably introduces
inherent disadvantages, such as increased thickness, mass,
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cost and assembly error. Therefore, developing TAs with a
double-layer structure has practical significance.

Some studies have designed TAs with a double-layer struc-
ture [11]–[19]. However, in previous research [11]–[14],
the TA element with a double-layer structure could not realize
360◦ full transmission phase coverage without degenerating
the amplitude [4], [5]. Metal vias have been introduced in
past studies [15]–[19] to expand the phase shift range and
improve the transmission amplitude of double-layer TAs.
In particular, a 305◦ phase shift range was achieved using a
double-layer structure with metal vias [15]. In other studies,
a 360◦ phase shift range with an insertion loss of less than
−2 dB was achieved [16]–[20]. However, the abovemen-
tioned double-layer TAs work in a single frequency band, and
because the frequency spectrum is not fully utilized, the appli-
cations of these TAs are limited. Therefore, developing a
dual-band TA using a double-layer structure is necessary.

Although numerous challenges remain in terms of design-
ing dual-band TAs, some outstanding designs have been
presented [21]–[25]. For example, a dual-band TA has been
proposed using a four-layer structure, and a 360◦ phase shift
range with transmission magnitude greater than −3 dB has
been obtained in both bands [21]. Although it achieved high
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FIGURE 1. Configuration of the proposed element. (a) Element
arrangement. (b) Top and bottom view of the periodic element.
(c) Element diagram. (d) Side view.

aperture efficiencies of 52% and 53% at 12 and 18 GHz,
respectively, it has a narrow bandwidth and high side-lobe
levels in both bands. Another study [22] proposed a dual-band
TA operating in the Ka band using a three-layer structure.
The proposed unit-cell exhibited a 180◦ phase resolution in
both bands and aperture efficiencies of ∼20% and 21% at
29 and 19.5 GHz, respectively. Another study [23] proposed
a three-layer, dual-band, dual-polarized metallic slot TA,
which achieved 1-dB gain bandwidths of 6.8% and 5.4% as
well as aperture efficiencies of 38% and 34.6% at 11 and
12.5 GHz, respectively. A dual-band (12.25 GHz/14.25 GHz)
orthogonally polarized TA was proposed in [24], wherein the
TA element consists of a triple-dipole, three-layer configu-
ration. This design achieved a 300◦ phase shift range and
achieved aperture efficiencies of 45% and 41.3% and 1-dB
gain bandwidths of 7.2% and 7.0% at 12.5 and 14.25 GHz,
respectively. In [25], a dual-band and dual-polarized TA using
a three-layer structure was presented in which the two types
of loop elements are interlaced with each other and operate
independently in two different bands (12.5 GHz/14.25 GHz).
A 300◦ phase shift range with transmission amplitude greater
than −2 dB is achieved in both bands. However, the above-
mentioned dual-band TAs use a multi-layer stacked structure,
and most of them operate at closely spaced frequencies,
which leaves room for improvement.

Additionally, antennas polarized at ±45◦ are widely used
in WCS and mobile base stations [26]–[28]. Developing a
TA with ±45◦ polarization is significant, although related
studies are still at the initial stage. In this letter, a double-
layer, dual-band (14 GHz/20 GHz) orthogonally polarized
highly efficient TA is presented. Details of the design pro-
cess of the proposed TA are provided below. The remainder
of this articles is organized as follows. Section II presents
the dual-band element diagram and element performances.

TABLE 1. Dimensions of the corresponding variables.

Section III presents the dual-band TA design and the sim-
ulated and measured results. This Section also presents the
comparisons between the proposed TA and other existing
dual-band TAs. Finally, the conclusions are presented in
Section IV.

II. DUAL-BAND ELEMENT DESIGN AND PERFORMANCES
A. ELEMENT CONFIGURATION
The element of the proposed double-layer TA is operated
with orthogonally linear polarization (LP), the Ku band ele-
ment works at 45◦ LP, and the K band element works at
−45◦ LP. To achieve a compromise between the two fre-
quency bands, the element spacing is set at 10 mm (P =
10 mm, which corresponds to 0.47λ at 14 GHz and 0.67λ
at 20 GHz). The geometry of the proposed element is shown
in Fig. 1. The proposed Ku and K band elements consist of
two multi-resonant dipoles and two metal vias. The two types
of elements are interlaced with each other independently to
ensure a dual-band orthogonally polarized operation. Then,
these are fabricated on both sides of the dielectric substrate
with a relative permittivity of 2.2 and a loss tangent of 0.0009
(εr = 2.2, tan δ = 0.0009). The two metal vias connect
the top and bottom dipoles. The detailed dimensions of the
proposed element are shown in Table 1.

B. ELEMENT PERFORMANCE
The proposed dual-band orthogonally polarized element is
established and simulated in a high-frequency structure sim-
ulator (HFSS) based on the finite element method. The simu-
lated transmission responses of the proposed element without
metal vias are shown in Fig. 2. The two elements have mag-
nitude skips and phase jumps at 14 and 20 GHz, respectively,
thus resulting in poor transmission amplitude and limited
phase shift range.

The simulated performances of the proposed elements with
metal vias are shown in Fig. 3. As demonstrated in Fig. 3(a),
a 360◦ phase shift range with transmission magnitude greater
than −2 dB is obtained at 14 GHz when L1 varies from
5–10.2 mm. Similarly, as shown in Fig. 3(b), when L2 varies
from 3–9.2 mm, a full phase shift range of 360◦ and a trans-
mission magnitude greater than −2 dB is achieved also at
20 GHz.
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FIGURE 2. Transmission magnitude and phase shift of the proposed
element without vias. (a) 14 GHz. (b) 20 GHz.

FIGURE 3. Transmission magnitude and phase shift of proposed element
with vias. (a) 14 GHz. (b) 20 GHz.

FIGURE 4. The current distribution of the Ku band element at different
sizes. (a): L1 = 9 mm, (b): L1 = 10 mm.

FIGURE 5. The current distribution of the K band element at different
sizes. (a): L2 = 5.4 mm, (b): L2 = 6.5 mm.

The functions of themetal vias have been discussed in [15].
At 14 GHz, on the one hand, when L1 varies from 7–9.5 mm,
the metals vias transmit the energy from the upper dipoles
to the lower dipoles due to the weak coupling between the
upper and lower layers, and the element is working in a
receive/transmit mode, as shown in Fig. 4(a). On the other
hand, the vias have almost no effect on the element per-
formances in the other range of L1, as shown in Fig. 4(b).
The element is working by coupling of the upper and lower
dipoles. The same operating principle is adopted at 20 GHz.
The vias is an indispensable part of the elements when L2
varies from 4.8–6 mm, as demonstrated in the Fig. 5(a).
However, the vias contribute little in other cases, as exhibited
in the Fig. 5(b). The metal vias improve the transmission
efficiency greatly and make it possible for a double-layer TA

FIGURE 6. Transmission responses of proposed element with different
parameters at 14 GHz. (a) Transmission responses with different
parameters of A1. (b). Transmission responses with different parameters
of A2.

FIGURE 7. Transmission responses of proposed element with different
parameters at 20 GHz. (a) Transmission responses with different
parameters of A3. (b). Transmission responses with different parameters
of A4.

to achieve a 360◦ phase shift range without attenuating the
transmission magnitude.

Transmission amplitude and phase shift of proposed ele-
ment with different parameters at 14 and 20 GHz are shown
in Fig. 6 and Fig. 7, respectively. As demonstrated in Fig. 6(a),
the transmission magnitude and phase shift of the proposed
element vary with different values of A1. The phase shift
range is less than 260◦ with transmission magnitude greater
than −8 dB when the A1 = 0.6, and a full phase shift range
of 360◦ with transmission magnitude greater than −2 dB is
obtained when the A1 increases to 0.7. However, magnitude
skips and phase jumps are appeared when the A1 = 0.8.
In Fig. 6(b), considering both transmission magnitude and
slope of phase shift curves, the A2 is chosen as 0.14. The same
working principle can also be seen from Figure 7 in K band.
Finally, the optimal values of parameters are set as A1 = 0.7,
A2 = 0.14, A3 = 0.5 and A4 = 0.12. The transmission
magnitude and phase shift of proposed element in the band
are also shown in Fig. 8.

C. OBLIQUE INCIDENCE PERFORMANCE
The incident angles of the elements vary with the location
of the unit. Therefore, the responses of the elements at dif-
ferent incident angles are the critical factors for a good TA
design. In the proposed dual-band TA design, the maximum
incident angle of the element is 20◦, which is dependent on
the edge illumination (EI) level of the feed horn for maxi-
mum efficiency [29]. The simulated results of the proposed
element under different incident angles are shown in Fig. 9 to
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FIGURE 8. Transmission magnitude and phase shift of proposed element
in the band. (a) Ku band. (b) K band.

FIGURE 9. Transmission magnitudes and phase shifts of the proposed
elements with different oblique incidences at 14 and 20 GHz. (a) 14 GHz,
(b) 20 GHz.

FIGURE 10. Surface current distributions of the dual-band TA at
(a) 14 GHz and (b) 20 GHz.

evaluate the phase stability of the element. At 14 and 20 GHz,
the proposed elements maintain good performances with
different incident angles. Although minor variations appear
in the transmission phase responses, especially at 20 GHz,
these differences are acceptable in the TA design. In reality,
the maximum phase differences of the proposed element in
both bands are less than 30◦ within incident angles of 20◦.
Therefore, the phase responses of the elements under normal
incidence at 14 and 20 GHz are used to design the proposed
dual-band TA to simplify the design method.

D. ELEMENT INDEPENDENCE
The Ku and K band elements are interlaced with each other
independently to ensure a dual-band orthogonally polarized
operation. The isolation between the two types of elements at
14 and 20 GHz is studied. The surface current distributions of
the proposed TA are shown in Fig. 10. As seen in Fig. 10(a),
at 14 GHz, the Ku band element has a strong current distri-
bution but no distribution on the K band element. Similarly,

FIGURE 11. The transmission responses at (a) 14 GHz and (b) 20 GHz.
(The phase responses are in the top row, and the amplitude responses
are in the bottom row).

as indicated in Fig. 10(b), the surface current distributions
are mostly focused on the K band element, and the Ku band
element has little or no response at 20 GHz.

The independences between the Ku and K band elements
are further analyzed, and all the possible combinations of
parameters of L1 and L2 at both frequencies are shown in
Fig. 11. As demonstrated in Fig. 11(a), the transmission phase
response and amplitude response mostly varied along the
vertical axis (L1) at 14GHz, and almost no change is observed
along the horizontal axis (L2). This means that L2 has almost
no influence on the transmission responses of the Ku band
element. Similar cases are also observed for Fig. 11(b). The
transmission performances varied only along the horizontal
axis (L2) at 20 GHz and did not change along the vertical
axis (L1). This indicates that the transmission responses of
the K band elements are not affected by L1. All the evidence
demonstrate that the Ku and K band elements are well iso-
lated from each other. Therefore, the phase compensation in
the two bands can be calculated independently, thus greatly
simplifying the design method.

III. TRANSMITARRAY DESIGN AND MEASUREMENT
A. DUAL-BAND TRANSMITARRAY DESIGN
Due to the high isolation between the two types of elements,
the proposed dual-band TA is designed independently in
each band. Given that the proposed dual-band TA has a
large frequency span ranging from 14–20 GHz, it is difficult
to cover such a wide frequency band using a single horn
without degrading the performance. Therefore, two conical
horns with −10 dB EI levels, which work in the Ku and K
bands, are used to illuminate the proposed dual-band TA. The
proposed dual-band TA has a circular aperture with diameters
of 170 and 160 mm for the Ku and K bands, respectively.
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FIGURE 12. The measurement setup and the fabricated prototype of the
proposed TA.

TABLE 2. Comparison of the proposed dual-band TA with previous
designs.

In both bands, F /D is set at 1.37, which is determined by the
equation: tan(θ) = D/2F , where θ is the half-illumination
angle of the horn, and D is the diameter of the TA (θ = 20◦,
D is 170 mm for the Ku band and 160 mm for the K band).

B. SIMULATED AND MEASURED RESULTS
The designed dual-band TA is simulated by HFSS. To verify
the reliability of the designmethod, the proposed TA has been
designed, manufactured, and measured. The prototype of the
proposed dual-band TA and themeasurement setup are shown
in Fig. 12. The fixtures and the slide rails are also designed
and manufactured to obtain accurate measurement results.
The proposed dual-band TA is measured in an anechoic
chamber avoiding the influences of the measurement envi-
ronment. Fig. 13 shows the simulated and measured radiation
patterns of the proposed TA at 14 and 20 GHz. The simulated
andmeasured gains versus frequency in both bands are shown
in Fig. 14. The measurement results indicate that maximum
gains of 25.2 and 27.4 dBi corresponding to aperture effi-
ciencies of 55% and 49% are obtained at 13.75 and 20 GHz,
respectively. A 1 dB bandwidth of 10% (12.9–14.35 GHz)
and 6% (19.7–20.9 GHz) are also achieved in the Ku and K
band, respectively. Small differences still remain in the tested
and simulated results for the reasons of alignment errors of
the feed horn, scattering effects of the metal fixing device and
Printed Circuit Board manufacturing tolerances.

The comparisons between the proposed dual-band TA and
previously published dual-band TAs are listed in Table 2.
The proposed dual-band orthogonally polarized TA has better
performance and simpler structure than previously published
dual-band multi-layer stacked structures. The reasons are
summarized as follows: high independence between the ele-

FIGURE 13. The simulated and measured normalized co-polar and
cross-polar radiation patterns of the proposed TA. (a) 14 GHz, (b) 20 GHz
(ϕ = 0◦ plane at the left side and ϕ = 90◦ at the right side).

FIGURE 14. The simulated and measured gain versus frequency.

ments; good transmission amplitude in both bands; and
the proposed elements are placed on the diagonal of the
unit cell, which fully utilizes the space of the element
and made it possible to obtain a 360◦ phase-shift range
in both bands by using two types of orthogonal arrange-
ment double-layer TA element. The proposed double-layer
dual-band TA has a greatly simplified structure, an enhanced
bandwidth, improved efficiency, and provides more possi-
bilities for designing dual-band TA by using a double-layer
structure.

IV. CONCLUSION
A double-layer dual-band orthogonally polarized highly effi-
cient TA operated in the Ku/K bands (14 GHz/20 GHz) is
presented for the SCS. Two types of multi-resonant dipoles
with metal vias, separately operated in the Ku and K bands
interlacedwith each other independently in a circular aperture
has been proposed for dual-band operation. A 360◦ phase
shift range with transmission magnitude greater than −2 dB
is achieved in the Ku and K bands independently. The pro-
posed double-layer TA has been designed, manufactured,
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and measured. The measurement results indicate that max-
imum gains of 25.2 and 27.4 dBi corresponding to aper-
ture efficiencies of 55% and 49% are obtained at 13.75 and
20 GHz, respectively. In addition, the 1-dB gain bandwidths
of 10% and 6% are also achieved in the Ku and K fre-
quency bands, respectively. The proposed dual-band TA has
good performance and paves the way for future base station
arrays.
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